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Die Effektivität eines biotechnologischen Produktionsprozesses wird maßgeblich durch die 
Auswahl (screening) geeigneter Biokatalysatoren – Mikroorganismen oder Enzyme – sowie 
die Charakterisierung der optimalen Betriebsbedingungen bestimmt. Hierfür ist eine Vielzahl 
von Experimenten notwendig, was allerdings einer zügigen Bioprozessentwicklung oftmals 
entgegensteht. Es besteht somit ein Bedarf an Systemen, die Experimente im Screening und 
der Prozessentwicklung mit hohem Durchsatz und mit hohem Informationsgewinn realisieren 
können (high-throughput screening). Das in dieser Arbeit entwickelte Mikrofermentations-
system auf Basis von Mikrotiterplatten (MTPen) soll zur Lösung dieses Widerspruchs 
beitragen. Basis des Systems ist die BioLector-Technologie. Dieses faseroptische Meßsystem 
ermöglicht die Online-Erfassung wichtiger Fermentationsparameter in jeder Kavität einer 
MTP. Um ihre Anwendung als Mikrofermenter weiter zu verbessern, wurden die 
Stofftransfereigenschaften in MTPen durch das Einbringen von Stromstörern optimiert und 
eine aktive Prozesskontrolle mittels mikrofluidischer Bauteile integriert.  
 
Moderne Screeninguntersuchungen werden bevorzugt in MTPen durchgeführt, obwohl die für 
diese Anwendungen bislang nicht optimiert wurden. Ein Nachteil bei ihrer Anwendung ist der 
geringe Sauerstoffeintrag ins Kulturmedium. Eine prinzipielle Lösung dieses Problems 
besteht im Einbringen von Stromstörern in die einzelnen Kavitäten der MTP. Um den 
Einfluss von Stromstörern auf Sauerstofftransfer und Hydrodynamik der rotierenden 
Flüssigkeit detailliert zu untersuchen, wurden in der hier vorgestellten Arbeit 30 verschiedene 
Stromstörergeometrien in die Kavitäten einer 48-Well MTP integriert. Es konnte gezeigt 
werden, dass damit die Sauerstofftransferkapazität (OTRmax) auf einen Wert von mehr 
als 100 mmol/L/h (kLa > 600 1/h) verdoppelt werden kann. Gleichzeitig konnte die Steighöhe 
der rotierenden Flüssigkeit reduziert und somit das anwendbare Kulturvolumen maximiert 
werden. Die dadurch gesteigerte Flüssigkeitsmenge am Boden der Kavität ermöglichte 
zusätzlich eine Verbesserung der Messwertaufnahme durch den BioLector. Als Optimum 
wurde eine Kavitätengeometrie identifiziert, die sechs halbkreisförmige Ausstülpungen 
aufweist und in ihrer Form an eine Blumenblüte erinnert. 
 
Bislang war die systematische Beschreibung und Standardisierung von Stromstörern 
geschüttelter Bioreaktoren nicht möglich. In der hier vorgestellten Arbeit konnte jedoch eine 
Beziehung zwischen dem OTRmax sowie der Steighöhe der rotierenden Flüssigkeit zum 
Umfang der Querschnittsfläche der Kavitäten aufgestellt werden. Diese Beziehung erlaubt 
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erstmals die systematische Beschreibung der beobachteten Stromstöreffekte und die 
Definition eines „Bewehrungsgrades“ geschüttelter Bioreaktoren. Weiterhin konnte ein 
Maximum des Bewehrungsgrades identifiziert werden, welches nicht überschritten werden 
sollte, um eine gleichmäßige Flüssigkeitsbewegung und einen hohen Sauerstoffeintrag zu 
gewährleisten. Dieses Konzept kann in Zukunft zur Auslegung neuer Stromstörer dienen. 
 
Im Produktionsmaßstab werden biotechnologische Prozesse zumeist unter Kontrolle des 
pH-Wertes und unter Zufuhr von Substratlösungen (fed-batch) durchgeführt. In MTPen 
jedoch, kann im Normalfall auf solche aktive Prozesskontrolle nicht zurückgegriffen werden, 
da diese zumeist auf komplexe Hardware angewiesen ist. Die daraus folgende Beschränkung 
auf einfache, diskontinuierliche (batch) Prozesse kann die Maßstabsübertragung (scale-up) 
des Bioprozesses beeinträchtigen, da die angewandte Kultivierungsstrategie maßgeblich den 
Metabolismus des kultivierten Mikroorganismus beeinflusst. Bislang ist kein Fermentations-
system in der Anwendung etabliert, welches umfassende Prozesskontrolle im Mikromaßstab 
realisiert. Um der Diskrepanz zwischen den Kultivierungsmaßstäben entgegenzuwirken, 
wurde in dieser Arbeit die BioLector-Messtechnologie mit mikrofluidischer Prozesskontrolle 
in MTPen kombiniert. Zusammen mit dem Institut für Werkstoffe der Elektrotechnik 1 der 
RWTH Aachen wurde hierfür ein Konzept entwickelt, bei dem Mikrofluidikbauteile den 
Boden konventioneller MTPen ersetzen. In pH-kontrollierten sowie in Fed-Batch 
Fermentationen mit Escherichia coli wurde die Funktionsfähigkeit dieser Technologie 
nachgewiesen. Außerdem konnte das Scale-Up dieser Mikrofermentationen in den Maßstab 
eines 1 L Laborfermenters erfolgreich realisiert werden. Spezielles Augenmerk wurde bei der 
Konzeptentwicklung auf die Anwenderfreundlichkeit des Systems gelegt. Um diese zu 
gewährleisten wurden Einweg-Mikrofluidikbauteile sowie eine benutzerfreundliche 
Steuerungshardware entwickelt.  
 
Das in dieser Arbeit vorgestellte Mikrofermentationssystem kombiniert verschiedene 
Vorteile: (1) verbessertes Reaktordesign durch die Verwendung von MTPen mit 
Stromstörern; (2) mikrofluidische Prozesskontrolle in Einweg-Kulturgefäßen; (3) benutzer-
freundliche Steuerungs- und Messhardware; (4) umfassende Online-Überwachung der 
Fermentationsparameter. Die Zusammenführung dieser Vorteile erlaubt die Nutzung von 
Einweg-MTPen mit Mikrofluidik in einem Mikrofermentationssystem, welches auch für den 
Routineeinsatz im Laboralltag geeignet ist. Diese Technologie ermöglicht die Durchführung 
skalierbarer, umfassend geregelter und überwachter Fermentationen im Mikrolitermaßstab. 
Damit wird es möglich, die Effizienz von Screening und Bioprozessentwicklung zu steigern. 
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The efficiency of biotechnological production processes depends on selecting the best 
performing biocatalyst – microorganism or enzyme – and the optimal operation conditions. 
Thus, during the screening and process development phases, many experiments have to be 
conducted, which conflicts with the demand to speed up drug development processes. 
Consequently, there is a great need for high-throughput devices that allow rapid and reliable 
bioprocess development. This need is addressed, for example, by the fiber-optic online-
monitoring system BioLector which utilizes the wells of shaken microtiter plates (MTPs) as 
small-scale fermenters. In this thesis, the BioLector technology is enhanced by incorporating 
microfluidic bioprocess control in design-optimized, baffled MTPs.  
 
Today, shaken MTPs are the preferred vessels for microbial cultivations in high throughput, 
even though they have never been optimized for this purpose. Although, oxygen transfer in 
shaken bioreactors is often insufficient, this problem can generally be addressed by the 
introduction of baffles. Therefore, the focus of this study is to investigate how baffling affects 
the oxygen transfer in MTPs. On a 48-well plate scale, 30 different cross-section geometries 
of MTP wells were studied. It could be shown that the introduction of baffles into the 
common circular cylinder of a MTP well doubles the maximum oxygen transfer capacity 
(OTRmax), resulting in values above 100 mmol/L/h (kLa > 600 1/h). To also guarantee a high 
volume for microbial cultivation, it is important to maximize the filling volume applicable 
during orbital shaking. Additionally, the liquid height at the well bottom was examined, 
which is a decisive parameter for online measurement by the BioLector. Ultimately, a six-
petal flower-shape was identified as the optimal well geometry for microbial cultivations.  
 
Up to now, the geometry of baffles has neither been standardized, nor has their influence on 
hydrodynamics and cultivation conditions been systematically described. However, in this 
work a novel correlation was established by relating the measured values of OTRmax and 
filling height to the corresponding perimeter of the well cross-section area. This correlation 
systematically showed the influence of baffles in shaken vessels. Furthermore, it allows one 
to define the perimeter of the well cross-section area as the actual criterion for the so-called 
“degree of baffling”. Additionally, a maximum baffling degree can be identified which should 
not be exceeded in order to avoid irregular liquid behavior and a decrease in the OTRmax. 
Consequently, this perimeter criterion provides a helpful tool to describe different baffle 
geometries and design new baffles. 
Abstract 
 
In industrial-scale biotechnological processes, the active control of the pH-value combined 
with the controlled feeding of substrate solutions (fed-batch) is the standard strategy to 
cultivate both prokaryotic and eukaryotic cells. On the contrary, for small-scale cultivations, 
much simpler batch experiments with no process control are performed. This conflict between 
the scales often hinders researchers to scale up and scale down fermentation experiments, 
because the microbial metabolism and thereby the growth and production kinetics drastically 
change depending on the cultivation strategy applied. While small-scale batches are typically 
performed in high throughput, large-scale cultivations demand sophisticated and expensive 
equipment for process control. Currently, there is no technical system on the market that 
solves the described conflicts and realizes simple and complete process control in high 
throughput.  
 
The novel concept of the microfermentation system described in this work combines the well-
established BioLector system together with microfluidic control of cultivation processes in 
volumes below 1 mL. To achieve this, in cooperation with the Institute for Materials in 
Electrical Engineering 1 of the RWTH Aachen University, a concept was developed in which 
microfluidic chips replace the bottom of conventional MTPs. The suitability of this system 
has been proven by pH-controlled and fed-batch fermentations of Escherichia coli in the 
microfluidic MTPs. Thereby, the aim was to establish a novel technology but simultaneously 
to focus on their use in routine laboratory work. Therefore, ready-to-use culture devices and 
user-friendly actuator hardware have been developed. Moreover, the scale-up potential of this 
system has been shown by obtaining equivalent fermentation results compared to a 
1 L laboratory-scale stirred tank reactor. 
 
The developed microfermentation system combines four advantages: (1) improved 
microbioreactor design by applying the baffled MTPs, (2) microfluidic process control in 
disposable MTPs, (3) user-friendly system for connecting the microfluidic MTP to the 
pneumatic actuator hardware, (4) advanced online-monitoring by the BioLector technology. 
Integrating the aforementioned properties into one system allows microfluidic MTPs to be 
used as disposable, ready-to-use cultivation vessels in a user-friendly, “plug-and-cultivate” 
microfermentation system. This technology narrows the gap between microscale and 
production scale, since it allows scalable, fully controlled and fully monitored fermentations 
in working volumes below 1 milliliter. In conclusion, the developed system is a valuable tool 
for meaningful screening and process development.  
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Chapter 1 Introduction 
1.1 Small-Scale Microbial Cultivations  
State-of-the-art bioprocesses are based on a large number of small-scale experiments in which 
the best performing microbial strain and the optimal cultivation conditions are evaluated. 
These screening experiments are becoming even more important, since modern methods in 
genetic engineering and molecular biology can generate thousands of different strains. 
Moreover, biotechnological research additionally identifies the influences of a growing 
number of media ingredients and process variables. This research is even spurred by e.g. the 
process analytical technology (PAT) initiative of the US Food and Drug Administration 
(FDA) (FDA 2003). Thus, a still growing number of parameters has to be screened and 
optimized during process development (Junker and Wang 2006; Thiry and Cingolani 2002). 
 
On the other hand, pressure is mounting on pharmaceutical companies, to cut costs and speed 
up the drug development processes (DiMasi 2002). Therefore, more microbial cultivations 
have to be performed in a shorter time. To solve this conflict, the need for high-throughput 
small-scale cultivation systems indeed increases. Such systems have to provide reliable data 
for process characterization and scale-up. Reliability, in this case, means to generate a high 
information output from small-scale cultivations conducted under well characterized 
conditions.  
 
Many different miniaturized bioreactors have been developed to address the increasing 
demand on small-scale fermentation systems (reviewed in: Betts and Baganz 2006; Kumar et 
al. 2004; Marques et al. 2009; Micheletti and Lye 2006; Schäpper et al. 2009; Weuster-Botz 
2005). Among them are, for example, miniaturized bubble columns and stirred tank reactors. 
Yet since many years, shaken Erlenmeyer flasks (shake flasks) and shaken microtiter plates 
(MTPs) as microbioreactors also play a major role, in particular in biocatalyst screening and 
bioprocess development (Duetz 2007; Fernandes and Cabral 2006). 
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1.2 Screening and Oxygen Supply in Shaken Bioreactors 
Just like stirred tanks play the major role in industrial-scale bioprocesses, so do shaken 
bioreactors in research and the early phases of bioprocess development. They provide high 
throughput in user-friendly and inexpensive small-scale vessels. Thus, shake flasks – the main 
tools for microbial cultivation since the early days of microbiology – and MTPs – nowadays 
the predominant vessels for screening and high-throughput experiments – are used in almost 
any microbial laboratory today. Even though these devices are commonly used, researchers 
often do not know or do not adequately care about the culture conditions inside these devices. 
This lack of knowledge or consideration results in very diverse and sometimes unsuited 
culture conditions in shaken bioreactors (Büchs 2001). Since small-scale experiments in 
shaken vessels are predominantly performed during screening and bioprocess development, 
the obtained results are the basis for subsequent scale-up to the production process. Therefore, 
the cultivation conditions inside the shaken vessels have to be well characterized in order to 
place their application as shaken microbioreactors on a firm footing. Thus, within the past 
three decades, intense efforts have been made to characterize fluid movement, gas transfer, 
energy input and mixing in small-scale shaken bioreactors. (reviewed in: Büchs 2001; Duetz 
2007; Fernandes and Cabral 2006). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1:  Effects of oxygen limitation on screening processes. Screening for optimized growth / 
production can result in misleading information if oxygen supply is the dominant bottleneck. 
This limitation hinders growth and production and might cause unfavorable cultivation 
conditions due to byproduct formation (toxicity, pH-value etc.). Thus, the impact of the 
variable under study (e.g. genetic modification, medium composition) can not be evaluated. 
Figure adapted from Büchs (2001). 
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Since most industrial-scale bioprocesses take place in stirred tank reactors, a pool of literature 
is available that describes geometric properties of such stirred vessels, the design of the 
agitators or the influence of baffles. These studies are performed in order to characterize and 
optimize the cultivation conditions, in particular the oxygen supply to the microorganisms. 
Whereas in production scale, biochemical engineers focus to optimize the oxygen transfer, in 
small scale fermentations far less attention is given to this parameter. Shaken bioreactors 
often can not provide a sufficient oxygen supply to the microorganisms. The oxygen supply, 
however, is crucial not only for industrial production, but also for meaningful screening and 
process development (Freyer et al. 2004).  
 
To study the effect of organism characteristics, medium composition or cultivation strategy 
on growth and production, oxygen unlimited cultivations are absolutely necessary. Otherwise, 
wrong information about the variables under study might be obtained (McDaniel et al. 1965; 
Peter et al. 2004; Zimmermann et al. 2006) (refer to Fig. 1-1). Ultimately, this might lead to 
the selection of suboptimal strains, media or culture conditions, which cannot be compensated 
in later process development steps. 
 
1.3 Baffles and Out-of-Phase Phenomena in Shaken Bioreactors 
Besides increasing the diameter or frequency of shaking or decreasing the filling volume, one 
possibility to achieve high oxygen transfer  in shaken bioreactors is to modify the usual round 
geometry of the vessel. As shown by many groups, changing the round shape and/or 
introducing baffles into shake flasks results in a significant increase in maximum oxygen 
transfer capacity (OTRmax) (Gaden 1962; Gupta and Rao 2003; McDaniel et al. 1965; 
Tunac 1989). By this, the OTRmax can be increased up to 5 to 10-fold even at lower shaking 
frequencies.  
 
Although the oxygen transfer can significantly be increased, there are also disadvantages by 
using baffled shake flasks. One disadvantage is that the reproducibility of microbial growth 
might be poor (Delgado et al. 1989; McDaniel et al. 1965). Small differences in depth and 
positioning of the (often handmade) baffles hereby lead to significant differences in oxygen 
supply, microbial growth and product formation of parallel cultivations. Up to now, there is 
no universal standard for the geometric parameters of baffles. A second disadvantage is that 
the liquid flow in baffled shake flasks is not well-defined and can not be modeled 
mechanistically. Moreover, the shaking frequency in baffled shake flasks has to be reduced to 
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avoid splashing of the liquid. Were droplets to reach the plug of the flasks, gas transfer 
limitations or contaminations might occur. Furthermore, in baffled shake flasks the so called 
“out-of-phase” phenomenon has been described, in which the centrifugal force is not 
sufficient to move the liquid regularly (Büchs et al. 2001). Consequently, most of the liquid 
does not circulate in phase with the orbital motion of the shaker. This results in a lower 
mixing time, energy input and OTRmax. Besides slow shaking, a high viscosity of the medium, 
a low filling volume and a small shaking diameter, one reason for this out-of-phase 
phenomenon can indeed be the excessive baffling. This means that there are too many baffles 
or they are too big or possess too sharp edges. Taking all the aforementioned problems into 
account, this scenario has led some authors to state that the use of baffled shake flasks is not 
recommandable (Büchs 2001; Henzler and Schedel 1991). 
 
Whereas some researchers have investigated the effect of baffles in shake flasks, less focus 
has been put on varying the established circular cylindrical shape of MTP wells. Although 
some alternatives for the well bottom design have been marketed, the cross-section of the 
wells has almost always stayed circular. The only established alternative to a round cross-
section geometry of a MTP well is the square shape. This type of a modified well geometry 
has been investigated mainly by Duetz and Withold (Duetz et al. 2000; Duetz and Witholt 
2001; Duetz and Witholt 2004). In these studies, the effects found for square wells are 
comparable to those in baffled shake flasks. Even though the OTRmax in square wells is more 
than doubled compared to round wells, the aforementioned problems described for shake 
flasks – splashing and out-of-phase phenomena – limit also the utilization of square well 
plates as cultivation vessels. 
 
Besides baffled shake flasks and square well MTPs, only very few studies examined the 
influence of modified geometry of shaken bioreactors. Kato et al. investigated a shaking 
vessel with a current pole (Kato et al. 2001). With the installation of a pole at the center of the 
bottom, the mixing could be improved and the accumulation and sedimentation of particles in 
the center of the vessel bottom could be avoided. Moreover, Falch and Helden reported a 
tripled OTRmax by using a disposable tetrahedron bag as a shaking vessel (Falch and Heden 
1963). Zhang et al. constructed a helical track attached to the inner site of a shaken cylinder, 
thereby reaching an increase in the mass transfer area in mammalian cell cultivation (Zhang et 
al. 2008). With regards to the patent literature, there are only sporadic descriptions of a 
modified shaken vessel, in particular in MTP scale.  
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1.4 Process Control 
Besides the engineering parameters which determine the oxygen transfer, also physiological 
parameters such as the progression of the pH-value and the concentrations of medium 
components have a decisive impact on the metabolism of the microorganisms. Thus, also 
these physiological parameters have to be optimized both in small-scale as well as in 
production scale. However, this obvious fact is very often ignored in the very first phases of 
process development such as clone and medium screening. Such screening experiments are 
usually performed in shaken bioreactors (flask or MTP) in uncontrolled batch mode with free-
floating pH-values and permanently changing medium concentrations (Berrow et al. 2006). 
On the contrary, the final production process is most often conducted in large-scale stirred 
tank reactors with pH-control and substrate feeding. This discrepancy in cultivation strategy 
may lead to the selection of suboptimal strains and/or production conditions (similar to 
oxygen limitations in screening as described in Section 1.2). In extreme cases, a complete 
failure of the scale-up may be the result. In most cases, however, a wrong decision during the 
screening will not be noticed because of this systemic error. The best clone, medium or 
cultivation condition may not show up under screening conditions which are not comparable 
to industrial-scale conditions. Nevertheless, it is obvious that a mistake in this early phase of 
the bioprocess development can have an enormous economical impact.  
 
Scheidle et al. (2009) and Stöckmann et al. (2009) proved the thesis discussed above by 
demonstrating that the screening results markedly depend on the cultivation strategy used. 
The authors performed screenings of hundreds of Hansenula polymorpha clones under fed-
batch conditions, feeding glucose by applying a polymer-based controlled-release system 
(Jeude et al. 2006) in 96-well deepwell MTP. By comparing these screenings to conventional 
screenings in batch mode, they clearly showed that fed-batch screenings yielded completely 
different results with respect to the best-producing clones. Moreover, the authors illustrated 
that this technique is easy to handle and applicable in high throughput and, thus, it is 
beneficial for mass screening.  
 
Controlled-release systems, however, cannot completely solve the aforementioned problem of 
ensuring defined substrate feeding on a small scale. The controlled-release systems available 
today are limited by their predefined feeding rates and the nature of applicable substrates. In 
the process development steps after the primary mass screening, more flexible cultivation 
systems have to be applied, in order to rapidly test feeding strategies and/or the composition 
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of the feed medium. Such a flexible cultivation system has to fulfill contradictory 
requirements. Not only must the experiments be conducted in parallel and high-throughput, 
but also the cultivations must undergo accurate process control with respect to pH-control and 
substrate feeding. Such process control, however, requires sophisticated and, thus, expensive 
equipment. Consequently, the main problem of small scale cultivations is the lack of devices 
which allow pH-controlled and fed-batch fermentations in highly parallel, inexpensive and 
user-friendly systems, ultimately, using disposable devices.  
 
The lack of efficient small scale systems mentioned above becomes even more apparent for 
the scale-down approach. ‘Scale-down’ methodology is used to depict the cultivation 
conditions of industrial processes on a small scale so that high volume processes are better 
understood and an effective troubleshooting of the large scale can be performed 
(Junker 2004). To run parallel duplicates of the fully controlled production process on a small 
scale, biotechnologists are currently limited to stirred tank reactors with working volumes in 
the high milliliter range, since only in such systems is process control really established. 
Nonetheless, this high working volume and the required expensive equipment also restrict the 
number of parallel experiments that can be performed.  
 
As mentioned in Section 1.1 many different miniaturized bioreactors have been developed to 
address the increasing demand on small-scale fermentation systems. However, only few of the 
described bioreactors realize process controlled fermentations in high-throughput and 
volumes smaller than 1 mL. One example has been given by Lee et al. (2006). The authors 
described a flat bioreactor with a working volume of 100 µL. Control of the pH-value could 
be achieved via microfluidic dosing of acid and base. The level of dissolved oxygen in the 
medium (dissolved oxygen tension, DOT) was controlled via the oxygen concentration of the 
gas which actuates a peristaltic oxygenating mixer. A second system, evolved from a passive 
membrane aerated system (Zanzotto et al. 2004) to a stirred membrane aerated system (Zhang 
et al. 2006) and finally to a multiplexed system (Szita et al. 2005), was described by the 
groups of Klavs Jensen and Anthony Siskey. Process control is attained in these systems via 
the dosage of acid, base or substrate with external syringes. However, today no fermentation 
system with complete process control in working volumes below 1 mL has been marketed or 
has been routinely used in the laboratory. One reason for this may be the relatively complex 
miniaturized technical equipment which is error-prone and hard to handle or may cause 
construction-related problems during parallelization. 
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1.5 Online Monitoring 
In addition to optimized cultivation conditions due to sufficient oxygen supply and active 
process control, a small-scale fermentation system for scale-up and scale-down experiments 
needs to generate a high information output. Only if the important cultivation parameters are 
monitored continuously, can a meaningful process control and advanced process 
understanding be achieved. In screening experiments, however, the processes are most often 
’monitored’ merely by analyzing biomass or product concentrations only at the assumed end 
of the cultivation. This may lead to erroneous decisions, since important kinetic parameters, 
such as the duration of lag, growth and production phases, product degradation or specific 
biomass and medium conditions at the point of induction and harvest, are ignored.  
 
For practically implementing continuous online monitoring in small-scale fermentations, the 
same properties are required as for the process control system: It has to be parallel, 
inexpensive and user-friendly. Besides some attempts to measure pH, DOT and biomass with 
electronic sensors (Krommenhoek et al. 2008), the method increasingly utilized to monitor the 
important fermentation parameters in microbioreactors are (fiber-) optical sensors. These 
optical sensors can be applied either intrinsically or extrinsically (Bosch et al. 2007). In 
intrinsic sensors, the analyte interacts directly with a detecting element of the sensors, 
whereas extrinsic sensors only direct light to (and detect light from) a specific region where 
the light beam is influenced by the analyte. Thus, in particular the latter technique is 
beneficial for microbioreactors, because here the sample is not physically influenced by the 
physical presence of a probe.  
 
One system, which possesses extrinsic optical measurements through the transparent bottom 
of continuously shaken MTPs, is the online-monitoring system first described by Samorski 
et al. (2005). This device, meanwhile marketed as the BioLector system (m2p-labs GmbH, 
Aachen, Germany), allows the continuous detection of fermentation parameters in 
conventional MTPs, utilizing fiber-optic, non-invasive measurements by means of optodes 
(pH and DOT), light scattering (biomass) or fluorescence detection (NADH, GFP etc.) 
(Kensy et al. 2009b). 
 
The measurement technique of the BioLector bases on the direction of light to the sample 
inside a MTP well by means of an optical fiber and concomitant detection of back-scattering 
and fluorescence. Back-scattering is described in literature as a parameter that indicates for 
the concentration of microorganisms in solution (Hancher et al. 1974; Janelt et al. 2000) or 
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even allows one to discriminate between microorganisms and suspended solid particles 
(Kennedy et al. 1992). For determining the biomass concentration with the BioLector-
technique, the backscattered light at an angle of 180° is measured (Kensy et al. 2009b; Zavrel 
et al. 2009). Here, identical wavelengths (typically 600 nm or 620 nm) are applied for 
emission and excitation, to exclude possible fluorescence phenomena.  
 
The BioLector measurements of the pH-value and the dissolved oxygen tension (DOT) are 
based on the fluorescence/luminescence lifetime analysis of an indicator which is sensitive to 
H+-ions and O2, respectively (optodes) (refer to Fig. 1-2). Instead of the intensity, the 
fluorescence lifetime of the indicators is measured because it is independent from a changing 
intensity e.g. caused by indicator bleaching. The fluorescence of the pH-indicator is 
influenced by its protonation degree. Since only the deprotonated indicator shows 
fluorescence and its protonation degree is proportional to the amount of protons in the 
surrounding solution, the overall fluorescence signal indicates the pH-value of the solution. In 
the pH-measurement, the fluorescence lifetime of a second indicator serves as a reference. 
This method, described by Huber et al. (2000), is, therefore, called dual lifetime referencing. 
The measurement of DOT, on the other hand, is based on dynamic luminescence quenching 
by molecular oxygen of the excited state of an indicator (Vanderkooi and Wilson 1986). Since 
the luminescence lifetime of the O2-sensitive indicator is longer and thus easier to measure, 
no reference indicator is needed. These described principles for pH- and DOT-measurement 
are applied in the devices pH1-mini and Fibox 3 of the company PreSens GmbH 
(Regensburg, Germany), which are utilized in this work. 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-2 Working principle of the pH- (A) and the DOT-optode (B). 
  I = indicator; Scheme adapted from PreSens GmbH (Regensburg, Germany). 
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1.6 Scale-up 
The current trend to process miniaturization is only meaningful, if the results obtained in 
small-scale fermentations are scalable to large-scale processes. The scale-up can only be 
successful provided that the cultivation conditions are comparable between the scales. 
However, it is not possible to keep all cultivation parameters constant upon converting the 
process to a larger scale. Thus, the parameter most important to the process has to be chosen 
as the scale-up criterion (Junker 2004). In most cases, the nature of the process and the 
properties of the microorganism dictate this choice (Buckland 1984). The power input per 
liquid volume is often used as a general approach in scale-up, since it possesses 
proportionalities to both, the shear force induced by the impeller as well as the aeration 
efficiency (Gill et al. 2008). However, in branched yeast, filamentous bacteria and fungi 
fermentations, where the morphology of the microorganisms (i.e. the morphology change by 
shear force) is most crucial, maximum local energy dissipation is a useful scale-up parameter 
(Hortsch and Weuster-Botz 2010).  
 
If the oxygen transfer is known to be the limiting cultivation parameter, as it indeed is in most 
aerobic fermentations, scale-up is most often performed by keeping the oxygen transfer 
constant (Garcia-Ochoa and Gomez 2009; Gill 2008). In Escherichia coli cultivations, the 
concept of constant volumetric mass transfer coefficient kLa has been applied before for the 
scale-up of MTP fermentations to stirred tank reactors (Islam et al. 2008; Kensy et al. 2009a; 
Micheletti et al. 2006). 
 
1.7 Overview and Objectives 
The objective of this thesis was to develop and test a microfermentation system, which 
utilizes MTPs as microbioreactors. While building on the BioLector online-monitoring 
technique, the new system was intended to include both an optimized bioreactor design as 
well as a microfluidic bioprocess control. During the developmental process, special attention 
has been given to the user-friendliness of the developed hardware. Not only was the aim to 
establish a novel technology but also to allow its use in routine laboratory work. Therefore, 
ready-to-use, disposable culture devices and a user-friendly actuator and monitoring hardware 
should be developed. 
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The improvement of the design of the MTPs was focused on the main requirement for their 
application as shaken microbioreactors, i.e. a high oxygen transfer to the cultured 
microorganisms. In general, one possibility to increase the oxygen transfer in shaken 
bioreactors is to modify the usual round geometry of the vessel. Thus, as described 
in Chapter 4 (page 33), this work evaluates the influence of a baffled well geometry on the 
OTRmax in MTPs. To achieve this, a wide variety of baffles, differing significantly in number, 
size and shape, has been introduced in the wells of a 48-well MTP. Besides the oxygen 
transfer, the effect of baffling on both the liquid flow behavior during orbital shaking and on 
the online-monitoring with the BioLector system was evaluated. Moreover, in Chapter 5 
(page 45) the effects of baffle geometry on liquid behavior and oxygen transfer are quantified 
and described systematically. The perimeter of the vessel cross-section area is used as the 
universal criterion that reflects the “degree of baffling” by including all important properties 
of baffling in just one value: the number, the size and the shape of the baffles.  
 
The second objective – to implement microfluidic process control in microscale 
fermentations – was realized by microfluidic chips, which replace the bottom of conventional 
MTPs. The layout of the microfluidic chips, their working principle as well as the actuator- 
and monitoring hardware are described in detail in Chapter 3 (page 23). These microfluidic 
chips and their connection to the pneumatic actuator hardware were developed under the 
auspices of our cooperation partner, the Institute for Materials in Electrical Engineering 1 of 
the RWTH Aachen University (IWE 1; www.iwe1.rwth-aachen.de). The characterization of 
the microfluidic devices during their application in pH-controlled and fed-batch fermentations 
of Escherichia coli was conducted during this thesis at the Aachener Verfahrenstechnik-
Biochemical Engineering. The experiments depicted in Chapter 6 (page 61) successfully 
proved the concept of the microfluidic process control by utilizing handmade PDMS 
microfluidic chips, provided by the IWE 1. As described in Chapter 7 (page 67), this concept 
was subsequently transferred to polystyrene microfluidic chips, which were produced by the 
company microfluidic ChipShop GmbH (Jena, Germany; www.microfluidic-chipshop.com). 
Also with the polystyrene microfluidic chips, the performance of the microfluidic process 
control was tested, and, moreover, the scale up potential of the microscale fermentations to a 
1 L laboratory-scale stirred tank reactor has been evaluated. 
 Chapter 2 
11 
Chapter 2 Materials and Methods 
2.1 Design of the Baffled Well Geometries  
 
All in all 30 different geometries of a microtiter plate (MTP) well cross-section were 
implemented in this work in order to find an optimum for microbial cultivations. Figure 2-1 
depicts the cross-section layouts as well as the design principles and geometric dimensions.  
 
Three different sets of interrelated well geometries represent the gradual transition from the 
most pronounced baffling (the square and the pentagon, respectively) to the least pronounced 
geometry (the round) in three different ways, i.e. by increasing the number of edges, rounding 
the edges originating from a square, rounding the edges originating from a pentagon 
(Fig. 2-1A). In addition to this, three groups of random well geometries were constructed by 
introducing different types of baffles and/or rounding the corners of an edged geometry 
(Fig. 2-1B). Only for the star-shaped geometries, the orbital shaking direction is restricted to 
be counter-clockwise, since these geometries are not symmetrical and the liquid is intended to 
be redirected by the lower “uphill slope” of these baffles.  
 
To allow a comparison between all the well designs, the cross-section areas were kept 
constant by constructing or rescaling them in AutoCAD (Release 14.01; Autodesc, Inc.; Ca, 
USA) to a fixed value of 112 mm2. This value was adopted from the conventional round 
48-well MTP. Out of a 20 mm high acrylic glass plate (polymethyl methacrylat, PMMA), 
MTP prototypes with outer dimensions of 128 mm x 85 mm were produced by laser cutting 
(PROSIGN GmbH & Co. KG; Würselen, Germany). To seal the bottom, a 2 mm PMMA 
plate of identical dimensions was glued to the bottom of the laser-cut plates. The detailed 
layout of the MTP prototypes with the baffled well geometries is shown in Appendix A. 
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2.2 Measurement System 
All subsequently described experiments in MTPs (laser-cut prototypes and microfluidic 
MTPs) were conducted with an adapted BioLector system, unless otherwise noted. The 
successive further development of this measurement technique and the integration of the 
microfluidic actuator hardware were essential parts of this thesis and are, therefore, described 
separately in Chapter 3 on page 23. 
Figure 2-1: Design principles of MTP well cross-section geometries: (A) Sets of interrelated well 
geometries (increasing number of edges, rounding of edges originating from square or 
pentagon). Grey circles indicate the rounding of edges. The diameter of the rounded edge, the 
side length of the polygon or the side length of the underlying square or pentagon is given in 
mm. These dimensions were selected, to construct geometries with an equivalent cross-section 
area of 112 mm2. (B) Random well geometries originate from square or circle by introducing 
different styles of baffles. The dimensions of the baffles and the dimensions of the underlying 
polygon are given in mm. After construction with the given dimensions, all geometries were 
rescaled in AutoCAD (Release 14.01; Autodesc, Inc.; CA, USA) to an equivalent cross-section 
area of 112 mm2. 
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2.3 Characterization of the Maximum Oxygen Transfer Capacity 
with the Sulfite System 
To characterize the maximum oxygen transfer capacity (OTRmax) of the different well 
geometries, the sulfite oxidation method was applied as a chemical model system (Hermann 
et al. 2003; Hermann et al. 2001; Kensy et al. 2005). In contrast to the above mentioned 
literature, the system was slightly modified by replacing the pH-indicator. The test solution 
was composed of 0.012 M Na2HPO4 / NaH2PO4 phosphate puffer, 0.5 M Na2SO3 
(all: > 98 % purity, Roth, Karlsruhe, Germany), 10-7 M CoSO4 and 2 · 10
-8 M 
Hydroxypyrenetrisulfonic acid (HPTS) as fluorescent pH-indicator (both: Fluka, Buchs, 
Switzerland). In the original recipe bromthymol blue was used as a color-changing 
pH-indicator. The pH-value was adjusted to pH 8 with sulfurous acid prior to the experiments.  
 
In this sulfite system, molecular oxygen from the surrounding atmosphere diffuses into the 
test solution and oxidizes the sulfite ions to sulfate ions, catalyzed by cobalt ions: 
 
+−− +→+
+
HSOOHSO Co 2423
2
2
1
 
(2.1) 
As long as there are sulfite ions in the solution, the solution behaves like a buffer and the 
protons are mostly fixed in the hydrogen sulfite (pKs = 7.20) close to pH 8. As the reaction 
proceeds, the pH drops down to a value of 4-5, since the product, the hydrogen sulfate 
(pKs = 1.96), is completely dissociated. The time is measured, until the oxidation of the sulfite 
is completed and therefore, a constant low pH-value is reached. The change of the pH-value is 
quantitatively measured by the custom-made filter-fluorescence spectrometer of the BioLector 
system. The measured fluorescence of HPTS excited at 420 nm (bandpassfilter ± 10 nm) and 
measured above 515 nm (cut-of filter) decreases with decreasing pH. Using the time until 
sulfite oxidation is completed tox, the initial concentration of sulfite csulfite and the 
stoichiometric coefficient for oxygen νO2 = 0.5, the oxygen transfer rate OTR to the solution 
can be calculated: 
 
ox
Osulfite
t
c
OTR 2
ν⋅
=  (2.2) 
The oxygen transfer rate is generally defined as the product of the specific mass transfer 
coefficient kLa and the driving concentration gradient between gas and liquid phase (cO2*-cL). 
The kLa value is defined as the product of the mass transfer coefficient kL and the mass 
transfer area a: 
 ( )LOL ccakOTR −⋅= * 2  (2.3) 
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With an oxygen concentration in the bulk liquid cL near zero, the driving concentration 
difference reaches its maximum and a maximum oxygen transfer capacity OTRmax can be 
defined: 
 GOLOL pLakcakOTR ⋅⋅=⋅= 22
*
max  (2.4) 
The oxygen concentration at the bulk liquid interface cO2* can be defined as the product of 
oxygen solubility in the test solution LO2 = 8.35·10
-4 mol/L/bar (at 25°C according to 
(Weisenberger and Schumpe 1996)) and oxygen partial pressure in the gas phase 
pG = 0.2095 bar. Thus, the specific mass transfer coefficient kLa can be calculated from the 
measured OTRmax value according to Equation 2.4. 
 
Since the bulk concentration of oxygen during the sulfite oxidation is not necessarily zero, it 
has to be calculated in order to obtain the OTRmax value, by transforming the mass balance for 
oxygen to cL = OTR / k1. With the first-order reaction constant of the sulfite oxidation 
k1 = 2,385 1/h (Hermann et al. 2003), the maximum oxygen transfer capacity OTRmax can be 
calculated from the measured OTR according to the aforementioned literature from 
Equation 2.5: 
 
1
*
*
max
2
2
k
OTR
c
c
OTROTR
O
O
−
⋅=  
(2.5) 
 
2.4 Characterization of the Mass Transfer Area  
and the Mass Transfer Coefficient with the Sulfite System 
The described measurements to determine the OTRmax are performed in the nonenhanced 
reaction regime, i.e. the reaction of sulfite and oxygen mainly occurs in the bulk liquid. 
However, the specific mass transfer area can be determined using the same optical method but 
with a cobalt concentration of 10−4 M instead of 10−7 M to work in the chemically enhanced 
reaction regime. Here, a sulfite concentration of 1 M was used (instead of 0.5 M) 
(see description below). Due to a logistic bottleneck, these measurements have not been 
conducted on the adapted BioLector system utilized for the OTRmax measurements, but on a 
BioLector prototype of the commercial system marketed by m2p-labs GmbH (Aachen, 
Germany). This system applies the same measurement principles as described in Section 3.1, 
but the detection unit is less sensitive. To compensate for that, the concentration of the 
pH-Indicator HPTS was increased to 8 · 10-7 M (instead of 2 · 10-8 M). 
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In conclusion, the test solutions for the enhanced reaction regime were composed of 0.012 M 
Na2HPO4 / NaH2PO4 phosphate puffer, 1 M Na2SO3 (all: > 98 % purity, Roth, Karlsruhe, 
Germany), 10-4 M CoSO4 and 8 · 10
-7 M HPTS as fluorescent pH-indicator. The pH-value was 
adjusted to pH 8 with sulfurous acid (30 %) prior to the experiments.  
 
In the enhanced reaction regime, the sulfite oxidation occurs directly at the liquid surface. 
Therefore, as described in detail in the literature (Hermann et al. 2003; Linek et al. 2006), the 
oxygen transfer rate under these conditions (i.e. the time until the oxidation of sulfite is 
completed) depends only on the mass transfer area. Consequently, for unshaken conditions 
the mass transfer area is equal to the cross-section area of the vessel aref. Therefore, by 
referencing the total reaction time at unshaken conditions tref to an experiment at shaken 
conditions tshaken – with unknown mass transfer area due to shaking ashaken – the unknown 
mass transfer area can be calculated as follows: 
 
ref
shakenref
shaken
t
ta
a
⋅
=
 
(2.6) 
 
According to Linek et al. (2006), two facts have to be considered in order to measure the mass 
transfer area correctly: (1) A decrease in the sulfite concentration below 0.2 M during the 
reaction results in a change of the reaction order with respect to sulfite. Whereas the reaction 
is of zero order with respect to sulfite at high sulfite concentrations, below 0.2 M the reaction 
is of first order with respect to sulfite. Thus, under these conditions the reaction rate (i.e. the 
reaction time) is not only proportional to the mass transfer area, but also the distinct sulfite 
concentration. (2) During the reference experiment under unshaken conditions, sulfite 
concentration at the liquid surface might drop, due to the fast reaction rate. This will slow 
down the oxygen uptake.  In the current work, these points were addressed by modifications 
of the method described by Hermann et al. (2003). 
 
To account for the first point mentioned by Linek et al. (2006), only the reaction time was 
considered until the sulfite concentration reaches a value of approx. 0.2 M. To determine this 
time point in each experiment, a calibration has been conducted, to obtain a correlation of the 
pH-value (the measured HPTS fluorescence signal, respectively) and the specific sulfite 
concentration. Therefore, solutions of the sulfite system without the cobalt catalyst but with 
varying concentrations of the educt (sulfite) and the product (sulfate) were applied (Table 
2-1). Thus, calibration solutions were obtained, which stepwise simulate a proceeding sulfite 
oxidation. 
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Table 2-1  Calibration solutions and measured pH-values for the stepwise simulation of a sulfite 
oxydation at enhanced reaction regime 
Solution 
Sodium Sulfite Sodium Sulfate pH-Value  
[-] [mol/L] [g/L] [mol/L] [g/L] 
1 1 128.6 0 0 8.00 
2 0.80 102.8 0.20 28.6 7.87 
3 0.60 77.2 0.40 57.4 7.70 
4 0.40 51.4 0.60 86 7.49 
5 0.30 38.6 0.70 100.4 7.31 
6 0.25 32.2 0.75 107.6 7.19 
7 0.20 25.8 0.80 114.8 7.13 
8 0.15 19.2 0.85 122 6.90 
9 0.10 12.8 0.90 129.2 6.72 
10 0 0 1 143.4 2.76 
 
In the sulfite system at enhanced reaction regime, a sulfite concentration of 1 M was used 
(instead of 0.5 M), in order to guarantee a measurable acidification of the solution at a 
remaining sulfite concentration of 0.2 M (by 0.8 M sulfate instead of 0.3 M sulfate). In all test 
solutions, a constant amount of 4 ml/L H2SO4 (30 %) has been applied, as it was used to 
adjust the pH to 8 in the standard enhanced sulfite system (solution 1). Also the 
concentrations of all other components (HPTS and buffer) are equal in all calibration 
solutions. The pH-value of each of these calibration solutions is shown in Table 2-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 2-2  Calibration curve for sulfite oxydation at enhanced reaction regime. Measurements were 
conducted at a BioLector prototype system of the company m2p-labs GmbH at 1000 rpm and a 
filling volume of 600 µL.  Measured fluorescence values are normalized between 100 % and 
0 % in order to obtain a calibration independent form changes in signal intensity. Dashed line 
indicates the relative fluorescence intensity of HPTS at a sulfite concentration of  0.2 mol/L. 
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Figure 2-2 depicts the calibration curve obtained with the calibration solutions described 
above. It can be seen, that a concentration of 0.2 M sulfite in the test solution corresponds to 
a fluorescence intensity of HPTS of 70 %. Therefore, in the subsequent experiments 
a fluorescence intensity of 70 % compared to the initial intensity has been used to determine 
the reaction times for solving Equation 2.6. 
 
The second point, mentioned by Linek et al. (2006), i.e. the drop of sulfite concentration at 
the liquid surface during the unshaken reference experiment, has been addressed by 
conducting the reference experiment in a stirred cuvette on a magnetic stirrer. Here, the same 
liquid volume was applied as in the experiments under shaken conditions. The stirrer speed 
was adjusted to guarantee a mixing of the bulk liquid, but simultaneously not to move the 
liquid surface. Thus, concentration gradients in the bulk liquid can be avoided, but the liquid 
surface is still equivalent to the cross-section area of the cuvette (100 mm2). The progression 
of the sulfate oxidation was followed by detecting the drop of the fluorescence signal of 
HPTS due to the pH-drop. Here, the optical fiber of the BioLector system was removed from 
the x-y linear motion module and mounted directly on the wall of the cuvette.  
 
In the current work, the mass transfer area in all 30 tested well geometries was measured 
applying a liquid volume of 600 µL. In the reference experiment, the reaction time at 
unshaken conditions (reference mass transfer area of 100 mm2) was determined to be 15.8 h. 
Therefore, by measuring the reaction times under shaken conditions, the mass transfer areas at 
these conditions could be calculated by solving Equation 2.6. After determining the mass 
transfer area a, the specific mass transfer coefficient kL could be calculated from Equation 2.4. 
 
2.5 Liquid Height at the Well Bottom 
For measuring the liquid height at the well center of each of the 30 tested well geometries, the 
change in the fluorescence signal of a 1.25 · 10-6 M fluorescein (sodium salt, Fluka, Buchs, 
Switzerland) solution in 0.2 M sodium phosphate buffer (pH 7) (Roth, Karlsruhe, Germany) 
with increasing shaking frequency was measured with the custom-made filter-fluorescence 
spectrometer of the BioLector system. The fluorescence was excited at 420 nm 
(bandpassfilter ± 10 nm) and detected above 515 nm (cut-of filter). To measure the vertical 
liquid height, the optical fiber of the BioLector has to be arranged perpendicularly underneath 
the well center (not at 30° as shown in Chapter 3). With increasing shaking frequency, the 
fluorescein solution (filling volume 500 µL) climbs up the well wall and simultaneously 
drains off the well bottom. Consequently, the liquid height at the well center and therewith 
also the measured fluorescence signal decreases.  
Materials and Methods 
18 
The calibration was conducted by filling different volumes of the fluorescein solution inside 
the wells and measuring the fluorescence signal at a shaking frequency of 200 rpm, at which 
no liquid movement occurs. Since the cross-section area for each geometry is constant, the 
liquid height can be calculated from the filling volume. Thus, a geometry-independent 
correlation of fluorescence signal and liquid height was achieved.  
 
2.6 Maximum Possible Filling Volume 
The maximum liquid volume was examined, which could be filled in the wells with the 
different cross-section geometries until the rotating bulk liquid or drops reach the sealing of 
the shaken MTP. The maximal liquid volume was determined by fixing a sheet of blotting 
paper on top of a MTP prototype. At a shaking frequency of 1000 rpm, the filling volume was 
increased in increments of 50 µL until the blotting paper became moistened. 
 
2.7 Fitting of Measurement Data by Applying the L-curve Criterion 
In order to visualize a trend of the measured data, they were fitted by using smoothing splines. 
The regularization parameter α of the smoothing spline fit was determined by applying the 
L-curve criterion (Hansen 1992; Hansen and Oleary 1993). The L-curve is a plot of the norm 
of the regularized solution S, representing the smoothness of the curve, versus the norm of the 
corresponding residual R, representing the data error. A good compromise between both 
norms, i.e. a suitable regularization parameter can be found at the “corner” of the L-curve 
plot, i.e. the point where the curve is closest to the origin. 
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Upon applying the L-curve criterion, a slight modification compared to the literature was 
used: The norm of the regularized solution was doubled in order to obtain a fitting which 
better represents the measured data. Thus, the suitable regularization parameter α was defined 
as the minimal radius of a circle around the origin which tangents the L-curve at the closest 
point to the origin. This led to the following minimization problem (Theorem of Pythagoras):  
 
222min ααα
SR +⋅  (2.9) 
The equations 2.7 to 2.9 were implemented into an algorithm and solved by applying the 
software package MATLAB (Version 7.8.0; The Mathworks, MA, USA).   
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2.8 Cultivation Experiments  
The cultivation experiments were performed with Escherichia coli K12 (DSM 498) in both, 
buffered Terrific Broth (TB) medium and a glucose minimal medium. The complex 
TB-medium consisted of: glycerol (5 g/L), tryptone (12 g/L), yeast extract (24 g/L), K2HPO4 
(12.5 g/L), KH2PO4 (2.3 g/L). The minimal medium was prepared according to Wilms et al. 
(2001) with slight modifications (Jeude 2007). The solutions were assembled as listed in 
Table 2-2. Glucose was added as stated for the different experiments. The pH-value was 
adjusted to 7.3 with NaOH.  
 
Table 2-2  Components and assembly of the modified minimal medium 
Solution Components 
Final Medium-  
Concentration 
[g/L] 
Weight  
[g] 
Assembly 
Fraction in 
1 L 
main solution 
(NH4)2SO4 5 5 
dilute in dH2O, 
adjust pH to 
7.5, fill to 
897 mL, 
autoclave 
897 mL/L 
NH4Cl 0.5 0.5 
K2HPO4 3 3 
Na2SO4 2 2 
MOPS 41.85 41.85 
50x trace 
elements 
ZnSO4·7H2O 0.00054 0.027 
fill to 50 mL, 
filter 
1 mL/L 
CuSO4·5H2O 0.00048 0.024 
MnSO4·H2O 0.00040 0.020 
CoCl2·6H2O 0.00054 0.027 
FeCl3·6H2O 0.04176 2.088 
CaCl2·2H2O 0.00150 0.075 
Na2EDTA·2H2O 
(Triplex III) 
0.03339 1.6695 
10x glucose 
glucose-
monohydrate 
up to 20 as intended 
fill to 100 mL,  
autoclave 
100 mL/L 
1000x 
magnesium 
sulfate 
MgSO4·7H2O 0.5 5 
fill to 10 mL, 
autoclave 
1 mL/L 
1000x thiamin 
thiamin 
hydrochloride 
0.01 0.1 
fill to 10 mL, 
filter 
1 mL/L 
 
The minimal medium used for pH-control experiments contained only 10.5 g/L MOPS-buffer. 
In both culture vessels, i.e. the microfluidic MTP and the 1 L laboratory-scale fermenter, 
solutions of ammonia and phosphoric acid or sodium hydroxide were applied as pH-control 
reagents (for details refer to specific experiment description). Fed-batch cultivations were 
performed by feeding a solution of pure 500 g/L glucose (Chapter 6) or 500 g/L glucose plus 
70 g/L (NH4)2HPO4 (Chapter 7). All reagents were of analytical grade and purchased from 
Carl Roth GmbH & Co. KG (Karlsruhe, Germany). 
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To create the precultures, 10 to 20 ml medium were inoculated from E. coli cryocultures and 
were shaken over night in 250 mL shake flasks at 350 rpm (5 cm shaking diameter) at 37°C. 
The main cultures in the MTPs and the laboratory-scale fermenter, respectively, were created 
by inoculation from these precultures to a final OD600nm of 0.1.  
 
The bacteria were cultivated in the MTP prototypes and in round 48-well MTPs 
(Art. No. MTP-R48-BOH) as well as in the Flowerplate (Art. No. MTP-48-BOH) (both: 
m2p-labs GmbH, Aachen, Germany). All cultivations in the microfluidic MTP were carried 
out in a temperature-controlled room at 37°C on the modified orbital shaker of the BioLector 
system (based on Lab-Shaker LS-W, Kühner AG, Basel, Switzerland). The plates were sealed 
with a breathable sealing tape (AB-0718; ABgene, United Kingdom).  
 
The main culture in the stirred tank reactor (Sartorius AG, Göttingen Germany) had a volume 
of 1 L and was grown at 37°C, 950 rpm stirrer speed and a gas flow of 1 L/min. The 
fermenter was equipped with two Rushton turbines. The pH-value and the DOT were 
measured with standard electrodes (Hamilton; Bonaduz, Switzerland). To determine the 
values of the OTR and the kLa online, the respective concentration of oxygen and carbon 
dioxide in the exhaust gas was measured by means of an exhaust gas analyzer (Rosemount 
NGA 2000, Emerson Process Management, Haan, Germany) (for detailed description refer to 
Section 2.10). In the fermenter, the pH-control was established by using the embedded PI-
controller and a peristaltic pump.  
 
Substrate feeding in the stirred tank fermenter was controlled by the feed balance signal. The 
setpoint for the P-controller, i.e. the mass of feed solution, which should be dosed from the 
feed start t0 up to a distinct time t, was calculated by integrating the Equation for the feeding 
rate F(t) [g/h]: 
 
)(
)( 000
/
ttµ
e
c
VXm
Y
µ
tF set
F
F
SX
set −⋅⋅⋅⋅⋅





+=
ρ
 (2.10) 
The applied feeding parameters were: growth rate µset = 0.2 1/h; substrate yield coefficient 
Yx/s = 0.5 g/g; maintenance coefficient m = 0.06 g/g/h; biomass at feed start X0 = 3 g/L; culture 
volume at feed start V0 = 1 L; density of feed solution ρF  = 1180 g/L; concentration of feed 
solution cF  = 500 g/L. Equation 2.10 was also applied to calculate the feeding rate, i.e. the 
number of pump steps per time, for the fed-batch fermentations in the microfluidic 
MTP (V0 = 0.0005 L). 
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2.9 Characterization of the Pump Chamber Volume  
and the Valve Function 
To establish an exact pump rate of the microfluidic chips, the pump chamber volume was 
determined before the particular fermentation experiment. Thereby, the reservoir was filled 
with 1 mL feed solution composed of 500 g/L glucose (Roth; Karlsruhe, Germany) and 
50 µM fluorescein (sodium salt, Fluka, Sigma-Aldrich). The culture wells were filled with 
500 µL 0.2 M sodium phosphate buffer (pH 7.5) (Roth). During the experiment, a series of 
distinct number of pumping steps per time unit was executed, and the fluorescence signal in 
the culture wells was recorded (custom-made filter fluorescence spectrometer; exitation: 
420 nm ± 10 nm; emission: cut-off > 515 nm). After calibration with fluorescein solution of 
known concentrations (0 - 10 µM) in the culture wells, the detected fluorescence signal can be 
recalculated to establish the precise volume per pump step. 
 
An equivalent method was used to characterize the valve function in the pH-control setup, i.e. 
the dosed volume at a distinct valve opening time. The reservoir well was filled with 25 µM 
fluorescein solution and the culture well was filled with 500 µL 0.2 M sodium phosphate 
buffer. During recurrent cycles of valve opening for 20 ms to 5000 ms, the changing 
fluorescence signal in the culture well was monitored.  
 
2.10   Scale-up 
The E. coli fermentations were scaled up from the microfluidic MTP to a 1 L stirred tank 
reactor based on a constant volumetric mass transfer coefficient kLa.  
 
The kLa-values for cultivations in the Flowerplate at a shaking frequency of 1000 rpm and 
3 mm shaking diameter were evaluated using a microRAMOS device. The microRAMOS 
technology applies the working principle described by Anderlei et al. (2004) for the shake 
flask RAMOS technology. The gas volume above the MTP, formed by an attached hood, is 
continuously flushed with humidified air. During recurrent measuring phases in which the air 
flow is stopped, the oxygen concentration and the overall pressure in the gas volume above 
the MTP both change due to the respiratory activity of the microorganisms. These changes are 
monitored by the electrochemical sensors of the microRAMOS device, and the OTR (oxygen 
transfer rate), CTR (carbon dioxide transfer rate) as well as RQ (respiratory quotient) are 
calculated. 
 
Materials and Methods 
22 
The kLa-value of the MTP cultivation was determined from Equation 2.4 (page 14) by 
applying oxygen limited cultivation conditions (20 g/L glucose, 1000 rpm, 3 mm shaking 
diameter), and measuring the OTRmax as well as the oxygen partial pressure pO2 with the 
MicroRAMOS device. Even though the oxygen solubility in the minimal medium is difficult 
to exactly determine, it can be estimated to be an average value of 0.001 mol/L/bar. This 
simplification has only a minor impact on the absolute kLa-values, but no influence on the 
scale-up itself, since the same medium (with the same oxygen solubility) is applied in both the 
microfluidic MTP and the stirred tank reactor.  
 
In contrast to the MTP, in the 1 L laboratory-scale fermenter, the OTR- and the kLa-value can 
be determined online by measuring the DOT with a amperometric electrode and the molar 
fraction of oxygen yO2,out and carbon dioxide yCO2,out in the exhaust gas by means of an 
exhaust gas analyzer. With the predetermined molar fractions of the incoming air yO2,in and  
yCO2,in as well as the volume specific aeration rate qin = 1 vvm) and the molar gas volume 
VM = 22.414 L/mol (at standard conditions), the following equations are solved online: 
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Chapter 3 The Microfluidic BioLector 
3.1 BioLector Measurement System 
The microfluidic BioLector system consists of an adapted BioLector measurement system and 
the actuator hardware for the microfluidic MTP (Fig. 1-2). The adapted system utilized in this 
work is composed of a modified orbital shaker (based on Lab-Shaker LS-W, Kühner AG, 
Basel, Switzerland), a x-y linear motion module (Bosch Rexroth AG, Lohr am Main, 
Germany), a spectrometer for optical biomass measurement (see below) as well as a pH1-mini 
and a Fibox 3 for optical pH and DOT measurement, respectively (both: PreSens GmbH, 
Regensburg, Germany). The implemented orbital shaker has been modified to realize a 
shaking diameter of 3 mm and shaking frequencies of up to 1000 rpm. An interruption of 
oxygen supply and mixing during the measurement procedures is hereby avoided due to 
continuous shaking of the bioreactor. Moreover, to reduce evaporation, a hood is placed 
above the bioreactor setup on the shaker tray, and is flushed continuously with humidified air.  
 
A LabVIEW program (National Instruments, Austin, TX, USA) controls the linear motion 
module in order to achieve a recurrent measurement in each individual well. Moreover, this 
program acquires and finally saves the data from the spectrometers, the pH1-mini and the 
Fibox 3.  
 
The measurements described in Chapter 4 and Chapter 6 were performed by applying a 
custom-made filter-fluorescence spectrometer (PreSens GmbH). Its output signal was 
amplified by a lock-in-amplifier (SR 830; Scientific Instruments GmbH; Gilching, 
Deutschland). For biomass measurement, the complete light spectrum of the custom-made 
spectrometer’s light emitting diode was used for excitation. For the detection in the 
spectrometer’s photomultiplier tube, the backscattered light was filtered by an optical filter 
with a cut-off ≥ 515 nm. At this wavelength, most of the disturbing fluorescence signals of the 
biological sample are excluded. Subsequently, the measurement setup could be improved by 
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utilizing the fluorescence spectrometer Fluoromax 4P (HORIBA JobinYvon, Unterhaching, 
Germany) to monitor the growth kinetics during the experiments described in Chapter 7 
(wavelength ex/em: 600 nm / slit-with: 5 nm). For each measuring point, the spectrometer 
software sums up the detector signals from 150 flashes (at 90 ms intervals) of the 
spectrometer’s xenon flash lamp. 
 
The light of each of these devices is directed to each individual well of a MTP by means of 
separate optical fibers. The optical fiber for scattered light measurement from the 
spectrometer is fixed at an angle of approx. 30° to one arm of the linear motion module in 
order to avoid interference by direct light reflection from the well bottom. The optical fibers 
of the pH1-mini and the Fibox 3 are mounted vertically, since the measurements of pH-value 
and DOT are based on the analysis of fluorescence lifetime (refer to Section 1.5, page 7) and, 
thus, are not disturbed by light reflection.  
 
 
 
 
 
 
 
 
 
 
 
 
 
As a biomass indicator in MTP cultivations, the scattered light signal is monitored by the 
BioLector system. Calibration of this signal can be obtained by referencing against 
conventional OD600nm measurements in a photospectrometer (Kensy et al. 2009b). Since the 
determination of absolute biomass concentrations is not the focus of this study, this 
calibration procedure has not been conducted and the scattered light values are given in 
arbitrary units. Moreover, the scattered light signal depends not only on the biomass 
Figure 3-1: Modified BioLector measurement system. (A) Scheme of the adapted system utilized in this 
work. (B) Photograph of the measuring head as well as the pneumatic connections (second 
generation) and MTP clamps on the shaker tray. The optical fibers for pH and DOT 
measurement (right side of head) are plugged into a metal tube with a collecting lens on top. 
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concentration, but also on the liquid height at the well bottom. The light beam reaches the 
sample through the well bottom. If the liquid height at this measurement point decreases, the 
measurement signal consequently is reduced (see also discussion of Fig. 4-4 and Fig. 4-6). 
To quantify in detail the actual biomass concentration independently from the culture liquid 
height, the scattered light signal would have to be elaborately calibrated for all well 
geometries. But to avoid this, the scattered light values plotted in Figure 4-3 are normalized 
between 0 % and 100 %.   
3.2 Microfluidic of the First Generation: Handmade PDMS Chips 
In order to achieve microfluidic liquid dosing, the BioLector measurement system described 
above has been equipped with pneumatic actuator hardware (Fig. 3-2). This hardware consists 
of external pneumatic valves (MHP1; Festo, Esslingen, Germany) driven by a digital USB 
I/O device (National Instruments, Austin, TX, USA). The external pneumatic valves control 
the flow of pressurized air via tubes to the microvalves, the pump chamber and the reservoirs 
of the microfluidic MTP prototypes. The LabVIEW program which controls the linear motion 
module and acquires the data from the measurement devices was enhanced to additionally 
control the external valves via the digital I/O device.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-2: Microfluidic BioLector of the first generation. The technical equipment of the BioLector 
measurement system is schematically shown in the lower part. The upper part of the figure 
depicts a magnification of the microfluidic MTP prototype.  
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The microfluidic MTP prototypes of the first generation are hand-made by our project 
partners from IWE 1 (http://www.iwe1.rwth-aachen.de) and are utilized here to proof the 
concept of microfluidic process control in MTPs. A cross-section scheme of these 
microfluidic MTPs is shown in Figure 3-4. These prototypes are composed of a plate body 
with dimensions of a standard 48-well MTP in which the bottom is replaced by a microfluidic 
chip. The base plate is made of acylic glass (polymethyl methacrylat, PMMA; height: 20 mm) 
and holds the reservoir wells, the culture wells and the pneumatic connections. The 
microfluidic chip, made of PDMS (polydimethylsiloxane), forms the bottom of the whole 
assembly. It is clamped to the plate body by means of screws (Fig. 3-3).  
 
 
 
 
 
 
 
 
 
 
 
 
The microfluidic chip itself is made by of soft-lithographic techniques. The chip consists of 
three layers: a fluid layer (thickness approx. 3 mm) in which the fluid channels connecting the 
reservoirs with the culture wells; a pneumatic layer (thickness approx. 3 mm), in which 
pneumatic channels direct pressurized air to the microvalves and the pump chamber; a 
sandwiched membrane (thickness approx. 50 µm) which is essential for the microvalve and 
pump functions. For simplification, the pneumatic channels in chip design 2 (Fig. 3-4D-F) are 
not shown in their full length with their pneumatic connections in the plate body (similar to 
design 1, Fig 3-4A-C). The channels in the fluid and the pneumatic layers are each 100 µm 
wide and 70 µm deep. Figure 3-5 depicts the alignment of channels and microvalves in the 
microfluidic chip. Further details of the microfluidic chip design and the production process 
are described by Buchenauer et al. (2009). 
Figure 3-3 Picture of the MTP prototypes and the microfluidic PDMS-chips of the first generation.  
(A) Design 1 utilized for pH-control. All pneumatic connections to the microvalves (8x left and 
right side of the base plate) and to the reservoirs (2x front of the base plate) are shown.         
(B) Design 2 utilized for fed-batch fermentation. Only 6 of the 12 pneumatic connections to the 
microvalves and pump chamber (5x) and the reservoirs (1x lower part of the base plate, 
central) are shown. 
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Figure 3-4: Cross-section scheme and function of microfluidic prototypes. Two different designs of the 
microfluidic chip were applied: Design 1, used for pH-controlled cultivations (A-C) and 
design 2, with integrated micropump, used for fed-batch fermentations (D-F). Filled arrows 
and dark gray color indicate pneumatic pressure in the pneumatic channels and the reservoir 
wells. Dashed arrows and black color indicate moving liquid due to the pneumatic pressure. 
Figure 3-5 Alignment of channels, microvalves and pump chamber in microfluidic PDMS chips. The top 
view schemes on chip design 1 (utilized for pH-control) and chip design 2 (utilized for 
fed-batch fermentation) are shown. 
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Figure 3-4 illustrates the function of the pH-control and the substrate feeding with the 
microfluidic prototypes. In order to achieve pH-control (prototype design 1, Fig. 3-4A-C), the 
dosing of acid or base is regulated by opening the microvalve in front of the particular culture 
well. The microvalve functionality is made up by a 50 µm broad protrusion in the liquid 
channel, the membrane which represents the active element of the microvalve and a valve 
chamber which can be pressurized (Fig. 3-4A). The microvalve is closed by applying 
pneumatic pressure (0.6 – 1.0 bar) to the membrane via the pneumatic channel (Fig. 3-4B). 
Hence, the membrane is pressed upwards to the protrusion in the liquid channel and thereby 
closes it. The microvalve is opened by applying pneumatic pressure (0.2 – 0.4 bar) to the 
liquid in the reservoir and releasing the pressure from the pneumatic channel. Hence, the 
reservoir liquid is forced into the liquid channel of the microfluidic chip and deflects the 
membrane and the liquid can pass through the liquid channel (Fig. 3-4C). Since the pH-value 
is measured inside each culture well by means of optodes, a direct feedback control can be 
established which varies the valve opening times. The duration of these opening times is 
calculated by the LabVIEW program based on the present difference between the setpoint and 
the current pH-value as well as the differences during the last measuring cycles. Thereby, the 
controller emerges the functionality of a PI-controller (for details refer to Appendix B).  
 
In contrast to the pH-closed-loop control, the substrate dosage is an open-loop control because 
the result of the feeding, i.e. the substrate concentration, cannot be measured directly. 
Therefore, the flow of substrate needs to follow a given feeding profile. This cannot be 
accomplished just by determining the valve opening times, because the flow through the 
microchannels not only depends on the valve opening times, but additionally on the 
pneumatic reservoir pressure and the channel length. To solve this challenge, one additional 
microvalve and one pneumatically driven pump chamber have been introduced in the liquid 
channel between the reservoir and the culture wells (Fig. 3-4D and Fig. 3-5). As depicted in 
Figure 3-4D the pump chamber is filled by applying pneumatic pressure to the liquid in the 
reservoir while the exit valve is closed. Afterwards, the entry valve between pump chamber 
and reservoir is closed and the exit valve to the specified culture well is opened. By applying 
pneumatic pressure to the membrane underneath the pump chamber, the membrane then is 
pushed into the chamber and forces a certain volume of liquid out to the culture well 
(Fig. 3-4F). Since this dosed volume per pump step is known and constant, the precise flow 
rate can be established by defining the number of pump steps per time unit. Because the 
microfluidic chip of the PDMS prototypes is handmade, the pump chamber volume varies 
among different prototypes between 50 nL and 150 nL and, thus, has to be calibrated. 
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3.3 Microfluidic of the Second Generation:  
Injection-Molded Polystyrene Chips 
In order to test the concept of microfluidic process control to easy to handle, disposable 
devices, a second generation of microfluidic chips was produced by injection molding. 
Figure 3-8 presents a cross-section scheme of the disposable microfluidic MTP. The applied 
prototypes are composed of a Flowerplate body (m2p-labs GmbH; Aachen, Germany) in 
which the bottom is replaced by a polystyrene microfluidic chip (microfluidic 
ChipShop GmbH; Jena, Germany). The chip is as big as a microscopic object slide (75 mm x 
25 mm). Glued to the Flowerplate body, one chip covers 6 wells in a row of the plate. 
Therefore, 2 reservoir wells and 4 culture wells can be addressed with this prototype chip 
(Fig. 3-9). The chip itself harbors the fluid channels (125 µm x 250 µm) which connect the 
reservoirs with the culture wells and are sealed with a polystyrene membrane (thickness 
50 µm). Besides sealing the channels, this membrane is essential for the microvalve and 
pumping functions. The function of the microvalves and the pump chamber are comparable to 
the first generation microfluidic chips. However, the microfluidic chips of the second 
generation do not have a pneumatic layer. This second layer is not necessary, since the flow 
of pressurized air has not to be directed to the microvalves and pump chambers through 
pneumatic channels, but is applied directly underneath via the pneumatic connections in the 
shaker tray. For valve closing and pumping, the membrane is pressed upwards into the valve 
cavity or pump chamber, respectively (Fig 3-8). Here, the volume of the pump chamber and 
valve cavity is approx. 250 nL and has been calibrated prior the fermentations. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-6 Photographs of the microvalves and pump chamber in the microfluidic chip of the second 
generation (A) and the corresponding pneumatic connections integrated in the shaker tray (B). 
The pneumatic connections are sealed with a silicone gasket. 
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Equivalent to the descriptions of Section 3.2, the microvalves and the pump are actuated by 
pneumatic pressure (2 bar). However, to significantly improve the user-friendliness of the 
system, the corresponding pneumatic connections are integrated directly in the shaker tray. 
Since the microvalves and the pump chambers are grouped together on one side of the 
microfluidic chip directly underneath the reservoir wells (Fig. 3-6 and Fig. 3-9), this part of 
the MTP can be placed on top of the pneumatic connections in the shaker tray without 
hindering the optical measurement in the culture wells. Moreover, this design allows one to 
simply clamp the microfluidic MTP on top of the pneumatic connections in the shaker tray 
and, thus, avoid the manual and elaborate connection of the microfluidic MTP to every single 
tube to the external pneumatic valves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-8 illustrates the function of the pH-control and the substrate feeding with the 
microfluidic MTP of the second generation. Although, the function of the microvalves and the 
pump chamber differs slightly, the sequence of operations for liquid dosing is equivalent to 
the descriptions of the first generation microfluidic chips, so please refer to the descriptions 
for Figure 3-4. 
Figure 3-7: Microfluidic BioLector. The technical equipment of the BioLector measurement system is 
schematically shown in the lower part. The upper part of the figure depicts a magnification of 
the micro bioreactor setup with microfluidic control. 
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Figure 3-8: Cross-section scheme and function of microfluidic MTP. The two different working principles 
the microfluidic process control are shown: the microvalve function applied in pH-control 
(A-C) and the micropump function, used for fed-batch fermentations (D-F). Filled arrows and 
dark gray color indicate pneumatic pressure in the pneumatic channels and the reservoir wells. 
Dashed arrows and black color indicate moving liquid due to the pneumatic pressure. 
Figure 3-9 Alignment of channels, microvalves and pump chamber in microfluidic chips.  
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Chapter 4 Baffled Microtiter Plates: 
Increased Oxygen Transfer and 
Improved Online Monitoring  
 
 
As described in Section 1.3 (page 3), the geometry of a shaking vessel significantly influences 
the oxygen transfer. Focusing on this important parameter of microbial cultivations, in this 
chapter the systematic investigation of the influence of a baffled well geometry on the 
maximum oxygen transfer capacity (OTRmax) in microtiter plates (MTPs) is discussed. Here, 
baffling is achieved by introducing rectangular or rounded wall structures pointing towards 
the well center, as it is established in stirred tank reactors. Moreover, edges or convex bulges 
pointing outwards from the well center (such as in the established square well MTP) are also 
called “baffles” in this work, since they redirect the flow of the rotating bulk liquid just like 
the classical baffles.  
 
As mentioned above, the introduction of baffles may cause several problems such as spilling 
and splashing during orbital shaking. Therefore, it was important to identify the geometry 
which avoids wetting of the well sealing, applying at the same time a maximum filling 
volume. Additionally, the amount of liquid at the well bottom was measured during orbital 
shaking and this value was maximized in order to facilitate correct optical analysis of the 
culture liquid through the transparent well bottom. The optimization of all three parameters is 
essential for the application of the newly developed MTP for online-monitored small scale 
cultivations with the BioLector measurement system.  
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4.1 Maximum Oxygen Transfer Capacity and Well Geometry 
The 30 well-geometries, described in Section 2.1 (page 11) were investigated regarding their 
OTRmax at filling volumes from 200 µL to 600 µL and shaking frequencies from 500 rpm to 
1000 rpm. Shaking frequencies lower than 500 rpm were not applied, since below this limit 
there is no significant fluid movement and thus no significant increase in oxygen transfer is 
observable (data not shown). It has already been shown, that a specific critical shaking 
frequency has to be exceeded so that the centrifugal force becomes larger than the interfacial 
surface tension (Hermann et al. 2003; Kensy et al. 2005). The influences of filling volume, 
well geometry and shaking frequency on the oxygen transfer are discussed below. 
 
The change of the OTRmax by varying the filling volume can be seen in detail in Figure 4-1. 
For the set of interrelated well geometries with increasing number of edges, the resulting 
OTRmax values at all tested filling volumes are presented. Independent of the well geometry, 
higher mass transfer is obtained at lower filling volumes. However, the principal correlation 
between OTRmax and vessel geometry does not change significantly. It is obvious, that a 
change in the filling volume influences the absolute height of the OTRmax value, but not the 
relation between the well geometries. Therefore, for all other geometries only the data for 
500 µL are shown in Figure 4-2. The complete diagrams depicting all filling volumes are 
shown in Appendix C. 
 
The well geometry clearly determines the absolute height of the OTRmax. To generalize, it is 
possible to state that the introduction of baffles leads to higher oxygen transfer compared to 
the round well geometry. This rule is absolutely valid for lower shaking frequencies 
(≤ 800 rpm) at any filling volume. For all sets of interrelated well geometries presented in 
Figure 4-1 and Figure 4-2A,B a steady increase in the oxygen transfer rate can be observed 
when the geometry changes from the less pronounced shape (round) to the most baffled shape 
(square and pentagon, respectively).  
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Figure 4-1:  Maximum oxygen transfer capacity (OTRmax) and specific mass transfer coefficient (kLa) 
obtained from the sulfite system at increasing shaking frequencies and different filling 
volumes. Set of interrelated geometries with increasing number of edges. All well geometries 
possess a cross-section area of 112 mm2. Measurements performed with a modified BioLector 
measurement system: shaking diameter 3 mm, temperature 25°C. Bars represent the standard 
deviation around mean of at least three independent experiments. 
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With increasing shaking frequency (> 800 rpm), some of the tested baffled geometries show 
exceptions from this rule, i.e. a steady increase in OTRmax with baffling is no longer observed. 
The most baffled geometry of the sets of interrelated well geometries does not show the 
maximum oxygen transfer value anymore. For the set with rounded edges in pentagon, the 
OTRmax only slightly peaks at the pentagon with edge diameter of 2 mm (Fig. 4-2B). Such a 
peak is clearly detectable at the pentagon within the geometry set with increasing number of 
edges (Fig. 4-1) and is most pronounced at the set with rounding of edges in square, namely at 
the square with edge diameter of 4 mm (Fig. 4-2A). The introduction of more pronounced 
baffles leads for all sets of interrelated well geometries to a decrease in the OTRmax values 
when higher shaking frequencies are applied. With some of the randomly designed baffles 
(Fig. 4-2C), i.e. the edged baffles and the star geometries, even a lower oxygen transfer 
compared to the round geometry is observed at high shaking frequencies. The decreasing 
OTRmax values with increased baffling are most probably caused by of out-of-phase 
Figure 4-2 Maximum oxygen transfer capacity (OTRmax) and specific mass transfer coefficient (kLa) 
obtained from the sulfite system at increasing shaking frequencies and filling volume of 
500 µL. (A) Set of interrelated well geometries with rounding of edges (square); (B) Set of 
interrelated well geometries with rounding of edges (pentagon); (C) Random well geometries. 
All well geometries possess a cross-section area of 112 mm2. Measurements performed with a 
modified BioLector measurement system: filling volume 500 µL, shaking diameter 3 mm, 
temperature 25°C. Bars represent the standard deviation around mean of at least three 
independent experiments. 
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phenomena. As described by Büchs et al., a large number and/or size of baffles is one factor 
that might lead to out-of-phase liquid behavior (Büchs et al. 2001). By introducing the 
so-called “phase number”, this phenomenon has been described quantitatively only for 
unbaffled shake flasks so far (Büchs et al. 2001). However, from the presented results it could 
at least qualitatively be stated that the introduction of baffles significantly hinders the rotation 
of the culture liquid. This, in turn, adversely affects the mass transfer. The distinctiveness of 
this effect depends on the size and the shape of the baffles. More detailed investigations on 
the influence of baffle size, number and shape on this out-of-phase phenomenon are described 
in Chapter 5 (page 45). 
 
 
 
 
Figure 4-3:  Cultivation of Escherichia coli K12 in TB-medium in MTP prototypes. The scattered light 
signal as indicator of biomass concentration is plotted. (A-C) Sets of interrelated well 
geometries; (D-F) Random well geometries. The measured values are normalized and plotted 
between 0 % and 100 %. Cultivations monitored with a modified BioLector measurement 
system: filling volume 500 µL, shaking frequency 700 rpm, shaking diameter 3 mm, 
temperature 37°C. 
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The results obtained from the chemical model system have been validated for all 
30 geometries using cultivations of Escherichia coli K12 in complex TB-medium (Fig. 4-3). 
This biological test system was chosen, since it requires a high amount of oxygen for 
unlimited growth (approx. 110 mmol/L/h; data not shown). The scattered light signal, 
representing the biomass growth, is normalized between 0 % and 100 % and plotted over 
cultivation time. Figure 4-3 shows that introducing baffles generally leads to faster biomass 
growth, whereby for the sets of interrelated well geometries (Fig. 4-3A-C) the growth curves 
are arranged strictly in the order of the baffling intensity. Their slopes, representing their 
particular biomass growth rate, increases with more pronounced baffling since these baffles 
cause a higher OTR into the culture liquid. Also in case of the random well designs shown in 
Figure 4-3D-F, the order of the growth curves reflects the height of the OTRmax values 
measured by the sulfite system. As previously discussed, the well geometry absolutely 
determines the OTRmax values and thus the supply of the substrate oxygen to the 
microorganisms. Consequently, a strong correlation between the well geometry and the 
biomass growth can be observed. Even though the chemical and the biological systems are 
different, it is possible to match the OTRmax values and the growth rates with high accuracy.  
 
4.2 Influence of Well Geometry on Liquid Height at the Well Bottom 
In the BioLector measurement system, the MTP is continuously shaken. Since the light beam 
for the optical measurement is directed through the bottom of the well, its signal intensity 
depends on the amount of liquid at the well bottom. To determine this influence, the liquid 
height at the center of each particular well was measured at shaking frequencies of up to 
1000 rpm (Fig. 4-4).  
 
The liquid height in each well stays constant until the shaking frequency reaches the critical 
value of 400 rpm. Up to this value, the centrifugal force is not sufficient to move the liquid. 
Between 400 rpm and 600 rpm the liquid height increases in some wells. This increase is 
more significant with more pronounced baffling, which might be a result of waves building 
up at the liquid surface, but can not be explained in detail so far. However, starting from 
400 - 600 rpm, the liquid height in the unbaffled and slightly baffled wells drops 
(Fig. 4-4A-C). From the sets of interrelated well geometries only the square and the square 
with slightly rounded edges (diameter 2 mm) show stable liquid coverage of the well bottom 
up to shaking frequencies of 1000 rpm. With the exception of the square flower (8 mm) 
geometry, all random well designs also show a relatively stable liquid height (Fig. 4-4D).  
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Figure 4-4 Filling height at the center of the wells with increasing shaking frequency. (A-C) Sets of 
interrelated well geometries; (D) Random well designs. Measurements were performed with a 
modified BioLector measurement system: shaking diameter 3 mm, filling volume 500 µL, 
well height 20 mm. 
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In the well with round geometry or with slightly pronounced baffles, the liquid rotates as a 
homogeneous bulk around the wall of a round MTP well. At higher shaking frequency the 
culture liquid drains off the bottom and climbs up the well wall. Only if the introduced baffles 
are highly pronounced, is the liquid rotation disturbed effectively. As a result, a higher 
amount of liquid stays at the well bottom even at higher shaking frequencies. This sufficient 
bottom coverage with culture liquid is crucial to guarantee a stable measurement signal with 
the BioLector system at any shaking frequency. (refer also to Section 4.4) 
 
4.3 Influence of Well Geometry  
on Maximum Possible Filling Volume 
The shaking frequency has to be relatively high to achieve OTRmax values sufficient for 
highly oxygen-consuming biological systems. At these frequencies, the rotating liquid or 
detached drops might reach the plate sealing and lead to moistening and clogging of the 
sealing. The maximum liquid volume that does not reach the well sealing was determined at a 
shaking frequency of 1000 rpm (Fig. 4-5).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-5:  Maximum filling volume of the different investigated well geometries at a shaking frequency 
of 1000 rpm. Measurements performed on the orbital shaker of a modified BioLector 
measurement system: shaking diameter 3 mm, well height 20 mm. 
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The maximum filling volume of 1300 µL could only be applied in well geometries closest to 
the round shape. This volume represents 58 % of the total well volume (2250 µL) of the MTP 
prototypes. At higher filling volumes, the rotating liquid creeps up to the top of the well. The 
introduction of highly pronounced baffles significantly reduces the applicable filling volume 
to 750 – 800 µL (33 % of well volume). In the sharp edges of baffled wells the liquid 
obviously rises above the bulk liquid due to capillary forces (wicking effect). Additionally, 
increased turbulence induced by the baffles might lead to a detachment of drops and spraying 
of the culture liquid. As a result, all three sets of interrelated well geometries show a steady 
decrease in the maximum filling volume with more pronounced baffling. This leads to the 
disadvantage of smaller culture volumes and thus smaller sample volumes for offline 
analyses. With relatively high maximum filling volumes of 1100 – 1200 µL, the flower and 
the 6-edged star geometries represent an exception. The shape of these baffles is obviously 
advantageous. In particular the slight uphill slope of these baffles and the fact that there are no 
sharp edges which would cause the wicking effect, are most probably the reason for the high 
possible filling volume. 
 
4.4 Ranking for the Best Well Geometry 
All 30 MTP well geometries have been investigated regarding OTRmax, liquid height at the 
well center and maximum possible filling volume during orbital shaking. Only by optimizing 
all these three parameters together can the best MTP be designed for effectively cultivating 
and monitoring microorganisms. 
 
Altering the cross-section geometry by introducing baffles leads to higher OTRmax-values. 
Thus, the highest values are obtained using the square and the pentagon geometry and 
especially their derivatives with slightly rounded edges (diameter 2 mm and 4 mm, 
respectively). From the random well designs, the rounded baffles as well as the flower-shaped 
geometries are best. However, if baffling becomes too pronounced, the advantage of higher 
oxygen transfer vanishes. The square, the edged baffles and the star geometries show worse 
OTRmax-values at least at higher shaking frequencies. In contrast to the aforementioned 
ranking according to the OTRmax, highly pronounced baffling is preferred to achieve a 
sufficient liquid coverage of the well bottom. From the sets of interrelated well geometries 
only the strongly baffled square and the square with a rounded edge of 2 mm in diameter can 
guarantee a stable optical measurement through the well bottom. Additionally, most of the 
random well designs show this advantage, too. However, in many of these geometries only a 
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relatively low filling volume of 800 µL can be used. In practice this will result in significantly 
reduced culture and sample volumes, which limits offline analyses. By taking into account all 
three parameters, only the flower geometries resulted in enhanced growth combined with 
better online monitoring. Ultimately, the 6-petal flower shape with an edge diameter of 5 mm 
was chosen as best and is marketed in a commercial product (Flowerplate; m2p-labs GmbH, 
Aachen, Germany). The systematic investigation of the “degree of baffling”, described in 
Chapter 5 (page 45), confirms this qualitative ranking.  
 
Figure 4-6 depicts the direct comparison of microbial cultivations in the Flowerplate and a 
conventional, round-well MTP. The aforementioned parameters OTRmax and maximum 
possible filling volume are discussed by means of Escherichia coli K12 cultivations in TB-
medium at filling volumes of up to 1200 µL. In Figure 4-6, the scattered light signal is plotted 
as an indicator for biomass concentration. To correct small differences between the individual 
wells, all growth curves are normalized to a start value of one. 
 
 
The biggest advantage of the flower-shaped well geometry is the possibility to perform 
oxygen-unlimited, at least, less oxygen-limited microbial cultivations. The scattered light 
curves of the Flowerplate cultivations show a nearly oxygen-unlimited exponential growth at 
filling volumes up to 600 µL. Compared to this, the cultures in the round wells are all oxygen-
limited, showing a linear growth with lower growth rates. This oxygen limitation leads not 
only to significantly reduced microbial growth rates but also to longer cultivation times. 
Figure 4-6: Cultivation of Escherichia coli K12 in TB-medium in (A) 48-well MTP with round wells and 
(B) wells with 6-edged flower (∅5) shape (Flowerplate) (both m2p-labs GmbH). The scattered 
light signal of all curves is normalized to a common initial value of one. Cultivations monitored 
with a modified BioLector measurement system: shaking frequency 1000 rpm, shaking diameter 
3 mm, temperature 37 °C, filling volume as indicated, well height 40 mm. 
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Moreover, it is known that this limitation results in changes of the metabolism of the 
microorganism and the formation of significant amounts of undesired by-products. The 
comparison of the 800 µL cultivation in the round well and the 1200 µL cultivation in the 
Flowerplate show nearly similar growth kinetics and final biomass concentrations. It can be 
concluded, that the culture volume at a shaking frequency of 1000 rpm in the Flowerplate can 
be approx. 400 µL higher, until an oxygen limitation level comparable to that of the round 
well is reached. Consequently, cultivation in the flower-shaped well provides bigger culture 
and sample volumes. Thus, it is also less affected by culture liquid evaporation. 
 
In Figure 4-6B, an increase in the final biomass concentration with decreasing filling volume 
can be observed. This can be explained by the higher biomass yield per amount of consumed 
substrate. This higher yield in cultivations with low filling volume is caused by higher oxygen 
transfer rates, which support a highly productive aerobic growth. The expected difference in 
the values of the final biomass concentrations has been proven by measurements of the optical 
density at 600 nm (data not shown). It is obviously measured correctly in the baffled MTP.  
 
In contrast to the biomass monitoring in the Flowerplate, in the round well a relatively low 
scattered light signal is measured up to filling volumes of 600 µL (Fig. 4-6A). The signals 
obtained for these low filling volumes are smaller than the signal for the 800 µL cultivation. 
As described above, this is a contradiction to the biomass values theoretically expected. 
The observed reduced scattered light signal at low filling volumes does not reflect the correct 
biomass concentrations in the conventional MTP. Rather, the measurement signal is caused 
by a reduced liquid height at the well center (see also Fig. 4-4). In the conventional MTP with 
round wells, the culture liquid creeps up the wall of the well and drains off the well bottom. 
Thus the liquid height at the well center is drastically reduced. In particular, at lower filling 
volumes, the liquid height becomes too small and the measurement signal finally decreases. 
This incorrect low biomass signal at low filling volumes may lead to misinterpretation of 
experimental results. To compensate this, an elaborate biomass calibration would be 
necessary in the round well MTP for every filling volume. In conclusion, a second big 
advantage of the Flowerplate is that it is much better suited for meaningful online monitoring. 
As shown before during fluorescence measurement (Fig. 4-4), this fact is caused by a 
relatively high and stable liquid height at the well center even at small filling volumes.  
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Chapter 5 Baffled Microtiter Plates: 
The Cross-Section Perimeter as 
New Criterion for Systematic 
Description 
 
The baffles, which have been investigated in Chapter 4 (page 33), do substantially differ in 
number, size and shape. It has been shown that, even small differences in the geometry of the 
baffles lead to significant differences in oxygen supply and microbial growth. Since there is 
no universal standardization of the geometric parameters of baffles and the individual 
specifications of the (often handmade) baffles additionally depend on the manufacturer, 
microbial cultivations in baffled shake flasks are often not reproducible (Delgado et al. 1989; 
McDaniel et al. 1965). Furthermore, in baffled shake flasks the so-called “out-of-phase” 
phenomenon might occur in which the centrifugal force is not sufficient to move the liquid 
regularly (Büchs et al. 2001). This results in a longer mixing time as well as a lower energy 
input and oxygen transfer. Among other factors, the out-of-phase phenomenon can be caused 
by excessive baffling. Thus, some authors concluded that in many cases the use of baffled 
shake flasks could not be recommended (Büchs 2001; Henzler and Schedel 1991).  
 
Whereas in Chapter 4 it could be shown that well designed baffles in shaken bioreactors are 
indeed advantageous for cultivating microorganisms and the observed effects can be 
described qualitatively, in this chapter the shape of the baffles is systematically described and 
a general concept for their characterization is shown. To achieve this, the perimeter of the 
vessel cross-section area is used as the criterion that reflects the “degree of baffling” by 
including all important properties of baffling in just one value: the number, the size and the 
shape of the baffles.  
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5.1 Systematic Description of the “Degree of Baffling”  
by the Perimeter of the Well Cross-Section Area 
Altogether 30 different cross-section geometries of the cylindrical wells of a 48-well 
microtiter plate (MTP) have been investigated regarding their influence on the maximum 
oxygen transfer capacity (OTRmax) as well as the filling height in the center of the well during 
orbital shaking. Exemplary, the OTRmax values at a filling volume of 600 µL are shown in 
Figure 5-1. Besides the increase in the OTRmax with increasing shaking frequency, a clear 
dependency of the oxygen transfer on the cross-section geometry of the well can be seen. 
In particular for the sets of interrelated well geometries, a regular arrangement of the 
measured values between the both extremes, i.e. the geometries with the less pronounced 
baffling (round) and the most pronounced baffling (square), can be observed. Obviously, the 
OTRmax depends on the number, the size and the sharpness of the baffles. However, the wide 
variety of different baffle designs implemented in this study has only allowed a qualitative 
description but no direct correlation of baffle geometry to the measured OTRmax values 
(Chapter 4). Also the unexpected stagnation or decrease in the OTRmax with increasing 
shaking frequency, as it is observed for some of the random well geometries (Fig. 5-1) could 
not be explained in detail yet.  
Figure 5-1: Maximum oxygen transfer capacity (OTRmax) obtained from the sulfite system at a filling 
volume of 600 µL at increasing shaking frequencies. Measurements performed with a modified 
BioLector measurement system: shaking diameter: 3 mm, temperature: 25°C 
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In order to describe the influence of baffling more systematically, one key geometric 
parameter needs to be identified which universally describes all the different cross-section 
geometries and can directly be correlated to the measured OTRmax values. For the sets of 
interrelated well geometries (Fig. 2-1A; page 12), an obvious choice could be the number of 
edges or the diameter of the edge rounding. The use of such “simple” geometric parameters, 
however, did not result in a definite correlation of all cross-section geometries to the 
measured properties (data not shown). To also include the random well geometries 
(Fig. 2-1B) into a general correlation, a more universal geometry parameter is necessary. 
Even though various other combinations of geometric parameters (e.g. the relation of the 
maximum to the minimal diameter) were applied, they also showed no meaningful results 
(data not shown). 
 
Ultimately, the perimeter of the well cross-section has been identified as the parameter 
resulting in the best correlation of all different cross-section geometries to the measured 
values of the OTRmax (Fig. 5-2). For meaningful comparison, the perimeters of the different 
cross-sections have to be normalized with respect to their specific cross-section area (Abaffled 
and Around, respectively). In addition, in this work, the perimeter of the baffled geometry 
(Peribaffled) is given as a relative value with respect to the perimeter of the round cross-section 
(Periround). Equation 5.1 shows a universal definition for the relative perimeter (rel. Peri) 
applied for the subsequent analysis: 
 
round
round
baffled
baffled
A
Peri
A
Peri
Perirel =.
 
(5.1) 
Highly pronounced baffles with a steep slope greatly increase the perimeter, whereas less 
pronounced baffles increase the perimeter to a lesser extent. Additionally, the number of 
baffles is accounted for by using the perimeter as correlating parameter. Therefore, one can 
rank the geometries as is shown in Table 5-1. Accordingly, the perimeter of the cross-section 
is a geometric parameter which summarizes the geometric properties of the baffles (number, 
height and sharpness) in just one value. Therefore the perimeter is ideal for systematically 
describing the effects of baffles on the rotating liquid and can be used to describe a so-called 
“degree of baffling”, which infers how pronounced the baffling is. 
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Number Geometry Absolute Perimeter   [mm] Relative Perimeter   [-] 
1 round 37.54 1.000 
2 pentagon (Ø10) 37.59 1.001 
3 square (Ø10) 37.66 1.003 
4 pentagon (Ø8) 37.82 1.007 
5 square (Ø8) 38.01 1.013 
6 decagon 38.20 1.018 
7 pentagon (Ø6) 38.20 1.018 
8 4-edged flower (Ø8) 38.24 1.019 
9 octagon 38.56 1.027 
10 square (Ø6) 38.65 1.030 
11 pentagon (Ø4) 38.74 1.032 
12 heptagon 38.92 1.037 
13 hexagon 39.42 1.050 
14 6-edged flower (Ø6) 39.42 1.050 
15 pentagon (Ø2) 39.47 1.051 
16 square (Ø4) 39.57 1.054 
17 pentagon 40.35 1.075 
18 5-edged flower (Ø6) 40.38 1.076 
19 square (Ø2) 40.80 1.087 
20 6-edged flower (Ø5) 42.06 1.120 
21 square 42.36 1.128 
22 4x rounded baffle 42.59 1.135 
23 4x big rounded baffle 42.85 1.141 
24 5-edged star (Ø1/Ø2) 44.27 1.179 
25 6-edged star (Ø1/Ø2) 44.50 1.185 
26 6x rounded baffle 45.24 1.205 
27 5-edged star (Ø1/Ø1) 45.29 1.206 
28 6-edged star (Ø1/Ø1) 45.30 1.207 
29 4x edged baffle 48.17 1.283 
30 6x edged baffle 53.70 1.430 
Table 5-1 MTP well geometries as described in Section 2.1 (page 11) sorted according to their perimeter. 
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Figure 5-2: Maximum oxygen transfer capacity (OTRmax) as a function of the relative perimeter of the well 
cross-section area. The dashed line represents the transition from in-phase to out-of-phase 
liquid behavior. 
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5.2 Influence of the Degree of Baffling on Oxygen Transfer  
Figure 5-2 depicts the correlation between the measured OTRmax and the relative perimeter, 
i.e. the degree of baffling. The measurement data are shown together with their corresponding 
smoothing spline curve. The smoothing parameter of these fittings has been found by 
applying a modified L-curve criterion. Applying the relative perimeter as a universal 
geometric parameter allows one to condense the 180 measured data points for one filling 
volume (30 geometries · 6 shaking frequencies for 600 µL in Fig. 5-1) in simply one diagram 
of Figure 5-2 (refer to top graph Fig. 5-2: filling volume: 600 µL). Consequently, the 
dependency of the OTRmax on the perimeter (i.e. on the degree of baffling) can directly be 
seen in the curves of these diagrams, and all geometries can easily be compared. 
 
First of all, the values of the OTRmax are higher when lower filling volumes are applied. This 
agrees with the theory, since smaller filling volumes result in a bigger surface-to-volume ratio 
and, thus, in a higher oxygen transfer. Simultaneously, the course of the OTRmax curves, 
i.e. the relative difference between the OTRmax values at different perimeters, does not change 
significantly. This can be observed by comparing the curves of one distinct shaking frequency 
at different filling volumes, which are merely shifted in their absolute height.  
 
The most significant observation in Figure 5-2 is the course of the OTRmax curves with respect 
to an increasing perimeter. Here, the curves attain a maximum at a relative perimeter of 
approx. 1.1. After linearly increasing up to a relative perimeter of 1.1, the slope of the OTRmax 
curve is less steep at low shaking frequencies (< 700 rpm) or even decreases at high shaking 
frequencies (> 700 rpm). Consequently, there is a common limit for all applied shaking 
frequencies and filling volumes, with respect to the degree of baffling, at a relative perimeter 
of 1.1. Up to this limit of a perimeter of 1.1, the increase in the degree of baffling results in a 
constant increase in the OTRmax. If the number of baffles, their height or their sharpness 
increases further, the increase in the OTRmax is retarded or even reversed to a decrease.  
 
The decreasing OTRmax values with increased degree of baffling above the relative perimeter 
of 1.1 are most probably caused by out-of-phase phenomena. As described by 
Büchs et al. (2001), a large number and/or size of baffles is one key factor that may lead to 
out-of-phase liquid behavior. This behavior is characterized by the (partial) breakdown of the 
rotating liquid bulk due to the increasing flow resistance of the baffles. Consequently, an 
increasing part of the liquid remains at the base of the shaken vessel. Only a minor part of the 
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liquid still rotates, which ultimately leads to a reduced oxygen transfer. However, the work 
presented here gives a more detailed and systematic description of this out-of-phase 
phenomenon in baffled shaken vessels. In addition, a specific limit for the transition from in-
phase to out-of-phase operating conditions has been identified. Thus, for the well designs 
tested in the current work, the transition from geometries allowing in-phase liquid behavior to 
geometries which cause out-of-phase liquid behavior is between the square (∅2) and the 
6-edged flower (∅5) (Table 5-1). 
 
5.3 Influence of the Degree of Baffling on Liquid Behavior  
The decrease in the OTRmax at higher degrees of baffling is one symptom of the out-of-phase 
phenomenon and therefore indirectly indicates its occurrence. In contrast, the liquid height at 
the center of the well bottom is a parameter which directly depicts the fluid dynamics in the 
shaken vessel. The measured data for this parameter and their smoothing spline fits are shown 
in relation to the relative perimeter for four different shaking frequencies in Figure 5-3. It can 
be seen that for common round well geometries (relative perimeter = 1.0), the filling height at 
the center of the well bottom is smaller at higher shaking frequencies. Here, the liquid rotates 
as a homogeneous bulk around the wall of the MTP well. At higher shaking frequencies the 
culture liquid drains off the bottom and climbs up the wall. This is no longer the case, if 
baffles are introduced and the relative perimeter of the geometry increases. For geometries 
with higher perimeters (1.0 up to 1.1), the filling height increases with increasing perimeter. 
Above a relative perimeter of approximately 1.1, a limit can be observed after which the 
liquid height at the center of the well nearly stagnates at a high level. This can be attributed to 
the increased degree of baffling which disturbs the liquid rotation and, therefore, retains the 
liquid at the well bottom, as it is typical for the aforementioned out-of-phase phenomenon.  
 
The liquid height at the center of the well bottom was primary measured to identify 
a geometry which guarantees a stable and high measurement signal with the BioLector 
online-monitoring system. This system needs a sufficient coverage of the well bottom with 
liquid, since the optical measurement of liquid properties is carried out through the 
transparent well bottom (refer to Section 4.4 on page 41). However, correlating the filling 
height with the perimeter of the tested well geometries provides additional information about 
fluid dynamics. Analyzed in this context together with the OTRmax measurements described in 
Section 5.2, the increased filling height at high shaking frequencies gives additional evidence 
for the occurrence of the out-of-phase phenomenon in geometries with a relative cross-section 
perimeter above 1.1.  
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5.4 Correlation of the OTRmax in Baffled Geometries 
As depicted in Figure 5-2, up to a relative perimeter of 1.1, the OTRmax shows a constant 
increase with respect to the relative perimeter of the well cross-section. For relative 
perimeters above 1.1, the OTRmax stagnates or decreases, depending on a complex interaction 
between shaking frequency and filling volume. This complexity is caused by the irregular out-
of-phase operating conditions and hinders a meaningful description of the effects of shaking 
frequency and filling volume on the OTRmax. Therefore, only for in-phase operating 
conditions, i.e. for well geometries with a relative perimeter below 1.1, can the OTRmax value 
be reasonably correlated to the perimeter, shaking frequency and filling volume. Fitting the 
experimental results according to the least square method, leads to the following correlation 
of the OTRmax:  
 4
64.037.20.67
max
103.3105.2 −
−− ⋅+⋅⋅⋅⋅=
L
VnPeriOTR  (5.2) 
Figure 5-4 illustrates the comparison of the measured and the fitted OTRmax values. It can be 
seen here that the measured data of the in-phase operating conditions can be approximated by 
this relative simple equation with a standard deviation of ± 30 %. Since Equation 5.2 is valid 
for baffles that varying significantly in number, size and shape, it allows one to universally 
predict the OTRmax inside a baffled shaking vessel and thus it is a helpful tool for designing 
new baffled shaken bioreactors. 
Figure 5-3: Filling height at the center of the well as a function of the relative perimeter of the well cross-
section area at a filling volume of 500 µL. The liquid height is measured vertically at the center 
of the well bottom with the modified BioLector measurement system. The dashed line 
represents the transition from in-phase to out-of-phase liquid behavior. 
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5.5 Further Characterization of Baffled Shaken Vessels –  
Mass Transfer Area and Mass Transfer Coefficient 
The correlation of the OTRmax to the cross-section perimeter described in Section 5.4 
approximates the measured OTRmax data with an accuracy of only approx. 30 %. Therefore, in 
the current section, more detailed investigations on the described correlation and approaches 
towards further understanding of the dependencies between oxygen transfer and baffling will 
be discussed.  
 
Whereas in Equation 5.2 the exponents to the basis n (shaking frequency) and the exponent to 
the basis V (filling volume) possess a standard deviation of 8 % and 28 %, respectively, the 
exponent to the basis Peri (relative cross-section perimeter) possesses the greatest standard 
deviation of 39 %. Moreover, this particular exponent shows a clear dependency on the other 
two correlation parameters, i.e. the filling volume and the shaking frequency. These 
dependencies are depicted in Figure 5-5. 
Figure 5-4: Comparison of the calculated and the measured OTRmax values for all geometries with 
a perimeter of < 1.1. The OTRmax values are calculated according to Equation 5.2. Dashed lines 
indicate a standard deviation of ± 30 %. 
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As shown in Figure 5-5A, at small filling volumes in particular at low shaking frequencies, 
the exponent to the basis Peri is lowest, which means that the effect of baffling on the oxygen 
transfer is lowest at these conditions. One can assume, that baffling allows no significant 
increase in the oxygen transfer because the oxygen transfer is mainly determined by the 
advantageous surface to volume ratio. Moreover, at low shaking frequencies the baffling does 
not induce high turbulence in the low volume of the bulk liquid. At higher filling volumes 
above 400 µL the influence of baffling is much more significant. Additionally, the parameter 
to the basis Peri stagnates, which means that the effect of baffling on the oxygen transfer is 
stable and nearly independent of the filling volume. Thus, once there is enough bulk liquid 
that the baffles can induce turbulence in, the height of the induced turbulence only depends on 
the applied shaking frequency (Fig. 5-5B).  
 
The influence of the shaking frequency on the exponent to the basis Peri is even more 
complex. For all filling volumes, it can be seen in Figure 5-5B that the influence of baffling 
on the oxygen transfer peaks at approx. 700 rpm. The reason for this observation remains 
unclear yet. Therefore, the oxygen transfer has been investigated in more detail by measuring 
the mass transfer area in the baffled shaken vessels at different shaking frequencies. Due to 
logistic problems, these measurements have not been conducted on the adapted BioLector 
system utilized for the OTRmax measurements, but on a BioLector prototype of the 
commercial system marketed by m2p-labs GmbH (Aachen, Germany). On the one hand, this 
may be a drawback for comparing the mass transfer area and OTRmax measurements. On the 
other hand, if comparable results can be obtained on both measurement devices, the measured 
data can verify each other and disturbing influences or singularities due to slightly different 
shaking conditions can be excluded.  
Figure 5-5 Influence of filling volume (A) and shaking frequency (B) on the exponent to the cross-section 
perimeter (Peri) in Equation 5.2.  
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Figure 5-6 Maximum oxygen transfer capacity (A), mass transfer area (B) and mass transfer 
coefficient (C) for the sets of interrelated well geometries (I-III) and the sets of random well 
geometries (IV-VI). For details to the applied measurement systems refer to text on page 54. 
The mass transfer coefficient is calculated according Equation 2.4. The measured values for the 
round and the square well geometry have been averaged. An exception is the MTP prototype 3 
which harbors the geometries depicted in III and VI. For this MTP, the specific measurement 
values for the round well geometry are depicted (details see text on page 54). Filling volume: 
600 µL.  
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The measured data of the mass transfer area are depicted in Figure 5-6B. Since the round, the 
square and the pentagon geometry are present on more than one of the three different MTP 
geometry prototypes utilized in this work (refer to Appendix A), the results obtained with the 
different MTP prototypes can be compared. This comparison shows that the mass transfer 
area measurements in MTP 1 (Fig. 5-6 I and IV) and MTP 2 (Fig. 5-6 II and V) are in good 
congruency. Therefore, the values measured in MTP 1 and MTP 2 are averaged for the round 
and the square well geometries. In Figure 5-6 these values are indicated as round (average) 
and square (average).  
 
However, with the mass transfer area measurements in MTP 3, the obtained values are 
significantly higher compared to MTP 1 and MTP 2 (refer to Table 5-2). Moreover, the 
courses of the curves are different. Here, the peak in the mass transfer area at 700 rpm is not 
visible (refer to Fig. 5-6 III and VI). Although, the measurements were repeated 3 times, the 
reason for this different measurement results are not clear.  
 
Table 5-2 Mass transfer area values [1/m] for round and 5-edged well geometry and deviation of the 
measured values in MTP 3 from the average value obtained in MTP 1 and MTP 2. 
 
 
shaking frequency [rpm] 
500 600 700 800 900 1000 
round MTP1 369 479 574 617 769 954 
round MTP2 372 476 593 679 764 824 
round (average) 371 477 584 648 767 889 
round MTP3 470 591 584 731 965 1101 
deviation  
round MTP3 
+ 26.8% + 23.9% ± 0.0% + 12.9% + 25.9% + 23.9% 
5-edged MTP 2 419 535 830 795 903 922 
5-edged MTP 3 604 715 890 956 1178 1201 
deviation  
5-edged MTP 3 
+ 44.1% + 33.5% + 7.2% + 20.3% + 30.5% + 30.4% 
mean deviation  
of MTP 3  
(average of round 
and 5-edged ) 
+ 35.5% + 28.7% + 3.6% + 16.6% + 28.2% + 27.1% 
 
Taking into account (1) the congruent values obtained in MTP 1 and MTP 2 and (2) the 
investigations on the OTRmax, where the currently absent peak at 700 rpm was observed, the 
mass transfer area measurements in MTP 3 may be not correct. Therefore, a revaluation of 
these values was considered to be meaningful. If all measured values from MTP 3 are reduced 
by the mean deviation of MTP3 to MTP 1 and MTP 2 (Table 5-2), the diagrams depicted in 
Figure 5-6 III and VI changes as follows: 
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Due to the lack in congruency and the revaluation, the measurements for the mass transfer 
area presented here are admittedly not exclusively definitive. Nevertheless, they are discussed 
in this context, since they may give valuable hints to interpret the results from the OTRmax 
measurements as well as for further investigations on baffled shaken vessels. It is worth 
noting that even though two different measurement devices are utilized (two different orbital 
shakers), and two different measuring methods are applied (enhanced and nonenhanced sulfite 
system), good agreements between the measurements of the OTRmax and the mass transfer 
area can be found. Here, no disadvantage of utilizing two different measurement devices 
could be seen. 
 
As discussed before, the correlation of OTRmax and the cross-section perimeter (i.e. the degree 
of baffling) showed, that the effect of baffling (the exponent to the basis Peri) on the oxygen 
transfer is most pronounced at a shaking frequency of 700 rpm (refer to Fig. 5-5B). The 
measurements of the mass transfer area can explain this observation. As depicted in Figure 
5-6B and Figure 5-7B, also the mass transfer area peaks at 700 rpm. In congruency to the 
observations for the OTRmax measurement, this peak in the mass transfer area is all the more 
pronounced, the higher the degree of baffling is. Conclusively, with a maximum at a shaking 
frequency of 700 rpm baffles cause an increase in the oxygen transfer due to increasing the 
mass transfer area.  
Figure 5-7 Recalculated measurement values for maximum oxygen transfer capacity (A), mass transfer 
area (B) and mass transfer coefficient (C) for the sets of interrelated well geometries. (Details 
see text) 
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Whereas the impact of baffles increases up to 700 rpm, their positive effects on the oxygen 
transfer decrease at higher shaking frequencies. This has been seen already in the OTRmax 
measurements (Fig. 5-5B), but becomes even more obvious from the measurements of the 
mass transfer area depicted in Figures 5-6B and 5-7B. At shaking frequencies above 700 rpm, 
the mass transfer area tends to stagnate or even to decrease in wells with a high degree of 
baffling. Obviously, more pronounced baffles cause higher flow resistance to the rotating 
liquid and the liquid can not climb up the well wall. Thus the mass transfer area at high 
shaking frequencies is even smaller compared to the round well geometry. 
 
As shown in Figures 5-6C and 5-7C, a high degree of baffling results in a high mass transfer 
coefficient. Most probably, the baffles introduce turbulences into the rotating liquid. The 
OTRmax is proportional to the mass transfer coefficient as well as to the mass transfer area 
(refer to Eq. 2.3.). However, the increase in the mass transfer coefficient due to baffling does 
not result in an effective increase of the OTRmax in the geometries with high baffling degree. 
The higher mass transfer coefficient obviously does not fully compensate the aforementioned 
stagnation of the mass transfer area. Therefore, at high shaking frequencies, the OTRmax 
values of the baffled and the unbaffled well geometries approximate to each other. Moreover, 
well geometries with an extremely high degree of baffling even allow only lower oxygen 
transfer compared to the unbaffled well geometry (refer to Figure 5-6A V). 
 
The aforementioned observations give an additional explanation for the maximum in the 
degree of baffling which can advantageously be applied in shaken bioreactors. As described 
in Section 5.2 and 5.3, a relative cross-section perimeter of the shaken vessel above the 
maximum of 1.1 causes out-of-phase phenomena. This observation is in congruency with the 
measurements discussed here, in which a high degree of baffling hinders the liquid to climb 
up the well wall during orbital shaking and thus leads to stagnation in the mass transfer area. 
This stagnation indeed is one symptom of the out of phase phenomena.  
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Similar to the correlation of the OTRmax values to the cross-section perimeter of the baffles 
MTP well, both the measured mass transfer area and the calculated mass transfer coefficient 
can be depicted in analogous manner. Thus, the information from the Figures 5-6 and 5-7 can 
be condensed in the diagrams of Figure 5-8. Here, also the beforehand defined maximum 
baffling degree at a relative perimeter of 1.1 is depicted.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5-8 Correlation of mass transfer area (A) and mass transfer coefficient (B) to the perimeter of the 
well’s cross-section. Measured/calculated values are shown together with their corresponding 
smoothing spline fits. The dotted line indicates the maximum degree of baffling. 
A 
B 
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For geometries below the maximum baffling degree of 1.1, the mass transfer area increases 
with increasing shaking frequency (different curves in Fig. 5-8A), because here the rotating 
liquid climbs up the well wall. For geometries with baffling degrees above 1.1, the mass 
transfer area stagnates at a value of 700 1/m even at increased shaking frequencies. Here the 
baffles hinder the further broadening of the rotating liquid. Also the peak in the mass transfer 
area at a shaking frequency of 700 rpm can be seen in this diagram.  
 
Figure 5-8B depicts the mass transfer coefficient correlated to the relative perimeter of the 
cross-section area. Comparing the curves for the different shaking frequencies, it can be seen 
that for less pronounced baffles (below rel. perimeter of 1.1), the mass transfer coefficient 
possesses relatively low values until high shaking frequencies of 800 rpm to 1000 rpm are 
reached. Obviously, if no baffles are present, the mass transfer coefficient, i.e. the turbulence 
in the rotating bulk liquid, is high only at high shaking frequencies.  However, well 
geometries with high degrees of baffling (above rel. perimeter of 1.1) possess high, but 
relatively stable mass transfer coefficients. The baffles introduce turbulence in the liquid, but 
obviously the mass transfer coefficient can not be increased further with higher degrees of 
baffling. Together with the stagnating mass transfer area due to excessive baffling, that is the 
reason why the OTRmax values of the unbaffled and the baffled well geometries approximate 
each other at high shaking frequencies. 
 
Conclusively, the described preliminary investigations on the mass transfer area in baffled 
shaken MTPs can help to interpret the measured values of the OTRmax, even though they are 
obtained by utilizing different measuring devices. Both measurements verify each other. 
However, the observed peaks in both the mass transfer area and the OTRmax specifically at a 
shaking frequency of 700 rpm cannot be explained by the investigation described here. To 
clarify the occurrence of this border and to complete the discussion of the observed 
phenomena, further investigations in the OTRmax and the mass transfer area with baffled 
shaken vessels at different filling volumes, at higher shaking frequencies and at different 
shaking diameters have to be conducted. Moreover, it would be advantageous, to develop 
mathematical models for the complex impact of baffling on OTRmax, mass transfer area and 
mass transfer coefficient. More measurements at varying operation conditions and further 
(mechanistic) understanding of the complex effects should finally build the basis for CFD 
modeling (computational fluid dynamics) of the rotating liquid in baffled shaken vessels. 
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Chapter 6 Microfluidic Bioprocess Control 
in Microtiter Plates:  
Proof-of-Concept  
 
 
 
In this chapter, the proof-of-concept for the microfluidic process control in microtiter plates 
(MTPs) is described. This concept builds on the integration of microfluidic devices on MTPs. 
By replacing the bottom of conventional MTPs, a system should be obtained which is simple 
and easy to handle. In order to test this concept, first prototypes of microfluidic chips have 
been produced by means of soft lithographic techniques in PDMS by our cooperation partners 
form the Institute for Materials in Electrical Engineering 1 of the RWTH Aachen University 
(IWE 1; www.iwe1.rwth-aachen.de) (refer to Section 3.2 on page 25). The MTP prototypes 
with PDMS microfluidic chips were applied in pH-controlled cultivations of Escherichia coli 
as well as in fed-batch fermentations with controlled feeding of concentrated glucose 
solutions.  
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6.1 pH-Control in Microtiter Plates 
Figure 6-1A shows a cultivation of Escherichia coli K12 in complex TB-medium without 
pH-control. From the depicted scattered light signal, the typical diauxic biomass growth 
pattern can be seen. The first growth phase on glycerol lasts until 5 h. Thereafter, the bacteria 
metabolize the complex proteins of the medium and the acetate, which was secreted before as 
an overflow metabolite. Besides the scattered light, the continuously measured values for the 
dissolved oxygen tension (DOT) and pH additionally indicate the switching of the carbon 
sources between 5 and 6 h. The DOT curve shows a peak which indicates a short interruption 
of metabolic activity and the growth. This interruption is caused by the changeover of the 
enzyme pool to adapt to the new substrates. However, the most significant change at this time 
is shown by the pH-value. When glycerol is metabolized during the first growth phase, acidic 
secondary metabolites such as acetate are produced and ammonium is consumed from the 
medium. The consumption of one ammonium-ion results in the simultaneous release one 
hydrogen-ion (Christensen and Eriksen 2002). Consequently the pH drops. After approx. 
5.5 h the glycerol is depleted, and the pH-values rise because of the consumption of acidic 
by-products and the gradual release of nitrogen from the metabolized proteins (Kensy et al. 
2009b; Losen et al. 2004).  
 
In contrast to this, an example of a pH-controlled cultivation of E. coli in TB-medium is 
shown in Figure 6-1B. Besides the scattered light signal the valve opening times for base and 
acid are the strongest indicator for a diauxic change in microbial growth behavior (Fig 6-1C). 
Up to approx. 5.5 h when the pH normally decreases in an uncontrolled cultivation, the 
microfluidic system continuously and automatically doses base to the fermentation well. 
Afterwards, acid is dosed to compensate for the subsequent alkalinization of the medium. 
Consequently, the pH-value of this cultivation is kept in a narrow deadband of ± 0.1 pH units 
around the pH-setpoint of 7.0. It is difficult to exactly determine the overall dosed liquid 
volumes because of the interfering evaporation of culture broth from the culture well. Typical 
filling volumes at the end of the cultivation vary between 520 µL and 550 µL. With an 
evaporation rate of approx. 5 % per day, the dosed liquid volume during a pH-controlled 
fermentation ranges from 50 µL to 70 µL. 
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Figure 6-1 E. coli K12 in TB-Medium in 48-well microfluidic prototype with microfluidic chip design 1: 
(A) without pH-control (B) with pH-control by 2M phosphoric acid (H3PO4) and 2M sodium 
hydroxide (NaOH) (C) cumulative valve opening time of the pH-controlled cultivation. 
Measurements performed with the modified BioLector measurement system: shaking 
frequency 800 rpm, shaking diameter 3 mm, filling volume 500 µL. For clarity, only every 
fifth measuring point is depicted. 
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The interpretation of the scattered light curve is not straightforward. Its amplitude further 
increases after 11 h, what normally refers to an increase of biomass. Nonetheless, the 
DOT curve, which returns at the same time nearly to its initial value, together with the offline 
measurement of the optical density (OD600nm) at the end of the cultivation (14 h), indicate no 
significant increase in biomass compared to the uncontrolled cultivation (OD600nm data not 
shown). Thus, the reason for the observed increasing scattered light signal may be an 
aggregation of cells or morphological changes as described by Kottmeier et al. (2009), but the 
exact verification needs further experiments. However, the main focus of these experiments 
was to test the pH-controller and the concept of pH-control in the wells of a MTP. This goal 
has been accomplished as it can be clearly seen by the constant pH-value during the whole 
cultivation (Fig. 6-1B).  
 
6.2 Fed-batch Cultivations in Microtiter Plates 
Besides the pH-regulation, the second aim for the microfluidic control in MTPs is the feeding 
of substrate to the culture well at a distinct feed rate. A cultivation of E. coli K12 in minimal 
medium with a continuous substrate feeding is depicted in Figure 6-2. Since the feeding 
solution with 500 g/L glucose was constantly dosed at a rate of 2 µL/h, this results in a dosage 
of 1 mg glucose/h. The initial glucose concentration of the medium is 0. However, glucose is 
accumulating in the beginning of the cultivation due to: (1) the very low metabolic activity of 
the bacteria in the initial lag-phase and (2) the start of the feeding already with the start of the 
cultivation. Thus, up to 12 h a typical exponential batch growth of the E. coli culture can be 
observed. At 12 h the change in the scattered light signal and the pH signal both indicate that 
the accumulated glucose has been depleted. Additionally, the constant decrease in the 
pH-value caused by the ammonium uptake and the formation of acidic secondary metabolite 
stops. Then, between 12 h and 15 h these secondary metabolites are consumed in parallel to 
the fed glucose and the pH-value subsequently rises.  
 
After 15 h the fed-batch phase begins with glucose being the limiting substrate. Thus, the 
DOT rises to a value of 80 %, because less oxygen is consumed to metabolize the relatively 
low glucose amount which is fed. The biomass development shows the typical behavior of a 
constantly fed culture, i.e. a decreasing growth rate due to a constantly supplied amount of 
glucose but an increasing amount of biomass. After approx. 22 h most probably a secondary 
substrate such as nitrogen or phosphate becomes limiting and the culture enters the stationary 
phase. Consequently, the DOT rises to 100 % and the scattered light curve stagnates. 
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Especially noticeable in Figure 6-2 are the fluctuations in the DOT signal during the glucose 
limitation phase. The recurring abrupt perturbations are the result of the recurring pump steps 
which lead to small glucose pulses of 50 nL. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2 E. coli K12 in minimal medium (no glucose at start; 200 mM MOPS-buffer) in 48-Well 
microfluidic prototype with microfluidic chip design 2 with constant glucose feeding (1 mg/h; 
2 µL/h). Measurements performed with the modified BioLector measurement system: shaking 
frequency 800 rpm, shaking diameter 3 mm, filling volume 500 µL, calibrated pump chamber 
volume: 50 nL, feed concentration: 500 g/L glucose. For scattered light and pH-value, only 
every 40 measuring point is depicted. 
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Chapter 7 Microfluidic Bioprocess Control 
in Microtiter Plates:  
Scalable Fermentations in 
Disposable and User-Friendly 
Systems 
In Chapter 6 (page 61) the proof-of-concept for microfluidic process control in microtiter 
plates (MTPs) has been discussed. This concept was further enhanced by developing 
disposable microfluidic chips (refer to Section 3.3 on page 29). These chips of the second 
generation were produced by means of injection molding of polystyrene by the company 
microfluidic ChipShop GmbH (Jena, Germany; http://www.microfluidic-chipshop.com/) and 
are applied in the subsequently discussed experiments. 
 
To transfer the microfluidic technology to a more user-friendly and robust system, the layout 
of the microfluidic chip and its connection to the actuator hardware has been improved. Here, 
the pneumatic connections are integrated directly in the shaker tray. (refer to 3.3 on page 29). 
In the subsequently described experiments, this user-friendly connection of the microfluidic 
MTP to the pneumatic actuator hardware is applied. 
 
The resulting microfermentation system applied in this chapter combines the advantages 
mentioned above: (1) the improved MTP-design which allows higher oxygen transfer; (2) the 
disposable microfluidic chip for process control in MTPs; (3) the user-friendly hardware for 
connecting the microfluidic MTP to the pneumatic actuator hardware, and (4) the advanced 
online-monitoring with the BioLector technology. These advantages allow one to perform 
scalable microbial cultivations on a microscale. This chapter describes the test of this system 
in pH-controlled and fed-batch fermentations of Escherichia coli K12 in minimal medium. 
Moreover, the obtained results were compared to process-controlled cultivations in a 
1 L laboratory-scale stirred tank reactor. The performance of the microfluidic process control 
and its scale-up potential are discussed below.  
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7.1 Performance of the Microfluidic pH-Control 
As Figure 7-1 shows, by applying a glucose concentration of 10 g/L, only minor differences 
in the E. coli growth behavior can be observed between the pH-controlled (Fig. 7-1A) and the 
uncontrolled (Fig. 7-1B) fermentations in the microfluidic MTP. The scattered light curve as 
well as the DOT curve exhibit almost the same courses, whether the pH-value is controlled or 
not. Obviously, the decrease in the pH-value in the uncontrolled cultivation down to 5.5, 
caused by the uptake of ammonium from the medium and the production of acidic 
by-products, has at the most only a minor impact on the E. coli culture itself. However, in the 
pH-controlled cultivation depicted in Figure 7-1A, the pH-value is kept in a narrow deadband 
of 0.03 around the pH-setpoint of 7.0. This is achieved by dosing 2 M ammonia to the culture 
broth. Figure 7-1C illustrates that this dosage starts together with the growth of the 
microorganisms and exponentially increases, just like the biomass is exponentially growing. 
 
By applying a glucose concentration of 30 g/L (Fig. 7-2), the effect of the pH-control on the 
growth of E. coli is much more evident. During the first 7 h, the pH-controlled cultivation 
(Fig. 7-2A) and the uncontrolled cultivation (Fig. 7-2B) showed the same growth behavior. If 
no pH-control is applied, however, the exponential growth of the culture stops at 7 h 
(Fig. 7-2B). Here, the scattered light signal stops rising exponentially, and the DOT curve 
shows a sharp increase. Furthermore, the pH curve is no longer exponentially decreasing after 
reaching a value of 4.7. This very acidic pH-value indeed inhibits the microbial growth, 
although there is still glucose in the medium. As indicated by a DOT below 100 % and a 
slightly increasing scattered light signal, after this breakpoint there is still metabolic activity 
and biomass growth on the remaining glucose, but at a significantly reduced growth rate.  
 
The pH-controlled cultivation with 30 g/L glucose (Fig. 7-2A), shows a different growth 
behavior. Since the pH-value is actively controlled and, thus, kept in the optimal range over 
the entire cultivation, the growth is not inhibited by low pH-values. The decrease in the pH 
due to ammonia uptake and acetate production is compensated by dosing 2 M ammonia to the 
culture broth (Fig. 7-2C). Thus, now no longer inhibited by low pH-values, the 
microorganisms are able to utilize the complete 30 g/L glucose from the medium. Although, 
relatively high OTRmax-value could be reached at the applied shaking conditions 
(approx. 70 mmol/L/h), a short oxygen limitation between 8 and 10 h could not be avoided. 
The complete utilization of the 30 g/L glucose results in very high oxygen consumption. As 
indicated by the sharp increase in the DOT after 10 h, the glucose is depleted and the increase 
in the scattered light signal stops. 
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Figure 7-1 pH-controlled cultivation of E. coli K12 in minimal media supplemented with 10 g/L glucose 
and 50 mM MOPS-buffer. (A) Cultivation with pH-control in microfluidic MTP and in 
1 L stirred tank reactor at a matched kLa-value of 460 1/h. The time-axis shows an offset of 
1.2 h due to different duration of the lag-phases in both cultivations. (B) Reference cultivation 
without pH-control in microfluidic MTP. (C) Dosage of 2 M ammonium solution and 1 M 
phosphoric acid during the pH-control in microfluidic MTP and 1 L stirred tank reactor. 
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Figure 7-2 pH-controlled cultivation of E. coli K12 in minimal media supplemented with 30 g/L glucose 
and 50 mM MOPS-buffer. (A) Cultivation with pH-control in microfluidic MTP and in 1 L 
stirred tank reactor at a matched kLa-value of 460 1/h. (B) Reference cultivation without pH-
control in microfluidic MTP. (C) Dosage of 2 M ammonium solution and 1 M phosphoric acid 
during the pH-control in microfluidic MTP and 1 L stirred tank reactor. 
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Subsequently, the DOT stagnates at around 80 % and, for 2 h, 1 M phosphoric acid is dosed 
to the culture medium (Fig. 7-2C). Both the DOT stagnation and the acid dosing indicate 
metabolic activity due to the utilization of acidic by-products such as acetate, which has been 
formed during the first growth phase on glucose.  
 
Compared to the cultivation with 10 g/L glucose, during the cultivation with 30 g/L glucose, 
the suitability of the microfluidic pH-control could be further tested by the successive dosage 
of both the ammonia solution and the phosphoric acid. As depicted in Figure 7-2A, the dosing 
of the ammonia solution resulted in a constant pH-value which could be kept in the narrow 
deadband of 0.03. However, during the dosing of the phosphoric acid after 10 h, a deviation 
down to pH-values of 6.4 could be observed, which had to be compensated by subsequently 
adding ammonia to the broth (Fig. 7-2C). These undesired incidents might be attributed to: 
(1) Altogether the very low culture volume, the low buffer concentration in the medium 
(50 mM MOPS-buffer) and the relatively high acid concentration may lead to excessive 
reaction of the system even at very small acid doses. (2) The PI-controller exponentially 
increases the valve opening times, if there is no pH-correction beforehand (refer also to 
Appendix B). This exponential time adjustment works well in case of the base dosing, but 
may be to excessive for the acid dosing. (3) The volumes dosed at very low valve opening 
times, as they are applied in the acid dosing, are relatively high and inadequately 
reproducible. As depicted in Figure 7-3, the dosed volumes no longer linearly correlate with 
the valve opening times. This problem will be solved in future by improving the microfluidic 
chips, in particular regarding the size of the valve cavity (see also outlook in Chapter 8). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-3 Dosed liquid volume in response to different valve opening times. Error bars represent the 
standard deviation for at least 5 measurements. reservoir pneumatic pressure: 0.1 bar; 
microvalve pneumatic pressure: 2 bar. 
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7.2 Scale-Up of the pH-Controlled Cultivations 
The direct comparisons of MTP and laboratory-scale fermentations are shown in Figure 7-1A 
(10 g/L glucose) and Figure 7-2A (30 g/L glucose), respectively. The applied scale-up 
criterion was a constant oxygen transfer on both scales, i.e. a constant volumetric gas transfer 
coefficient kLa. By utilizing the microRAMOS device, a kLa-value of 460 1/h was determined 
for an E. coli cultivation in 500 µL minimal medium in the Flowerplate (1000 rpm, 3 mm 
shaking diameter) (data not shown). In a 1 L stirred tank reactor, the stirrer speed was 
adjusted to 950 rpm at a constant gas flow rate of 1 L/min to obtain the same kLa-value as that 
in the microscale. These conditions were ascertained in previous fermentations. 
 
Upon comparing the DOT-curves, the same oxygen transfer was reached in both scales. In 
both pairs of fermentations, i.e. with 10 g/L and 30 g/L glucose, the DOT-curves in the MTP 
and in the fermenter, respectively, show the same course. However, the kLa-value is naturally 
changing during the fermentation due to varying broth composition, viscosity, surface tension 
and oxygen solubility (Buckland 1984). These changes differently affect the kLa depending on 
the aeration method (surface aeration in MTP vs. bubble aeration in the stirred tank) and, 
therefore, cause the small differences between the DOT-levels ascertained from Figures 7-1A 
and 7-2A.  
 
Besides the oxygen transfer, the courses of the biomass-curves additionally prove that the 
scale-up was successful. In both pairs of fermentations, the curves of the MTP and the stirred 
tank reactor can be exactly matched. The linear correlation between both biomass 
measurements - the scattered light and the dry cell weight (DCW) - has been shown in 
literature (Kensy et al. 2009b) and, thus, allows directly comparing the two curves without an 
elaborate calibration in this distinct experimental setup.  
 
In Figure 7-1C and 7-2C, the dosage curves of the pH-control reagents are shown. Also here, 
a good agreement was observed between the dosing curves in the microfluidic MTP and the 
fermenter. The differences in the courses of the base dosing in the experiment with 30 g/L 
glucose (Fig. 7-2C) are most probably caused by the aforementioned nonlinear correlation 
between the valve opening time and the dosed volume at small valve opening times. 
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7.3 Performance of the Microfluidic Substrate Feeding 
Figures 7-4A and 7-4B depict fed-batch cultivations performed in the microfluidic MTP. Both 
fermentations start with a batch phase, since the medium has been supplied initially with 
5 g/L glucose. After 8 h the exponential growth phase stops, which is clearly visible by the 
change of the slope in the scattered light, DOT and pH signals. At this time, when the 
substrate feeding was started manually, the culture continues to grow, however, under glucose 
limited conditions. This fed-batch-typical glucose limitation is evident from the DOT signal. 
Since the feeding rate allows only growth at a rate lower than the maximal growth rate, less 
oxygen is consumed and the DOT can be stabilized above 0 %. Another proof that the culture 
is limited by the substrate feeding is the appearance of recurrent perturbations in the DOT 
signal. These small interruptions are caused by the pumping steps. Once a pumping step is 
executed, the microorganisms immediately start to metabolize the dosed glucose and, thus, 
the DOT decreases. After the dosed glucose is consumed, the DOT rises until the next 
pumping step occurs thereby causing the observed zig-zag DOT-curve.  
 
Averaging the aforementioned perturbations in the DOT signal and considering only the 
overall DOT course, one can recognize the particular feeding strategy from the DOT signal. 
During the cultivation depicted in Figure 7-4A, a constant feeding rate of glucose of 2 mg/h 
(= 4 µL/h) was applied. Consequently, the DOT signal exhibits a linear course. On the other 
hand, in Figure 7-4B an exponentially increasing feeding rate for a growth rate of 
µset = 0.2 1/h was set. Thus, the DOT shows an exponential decrease. Not only does the DOT 
curve follow the applied feeding rate, but also the curves of the scattered light and the pH-
values exhibit a linear or an exponential behavior, respectively. Therefore, it has been proven 
that the microfluidic substrate feeding satisfactorily works. It allows the establishment of 
various feeding profiles in fed-batch cultivations with a working volume of only 500 µL. 
 
7.4 Scale-Up of the Fed-batch Cultivations 
Figure 7-4C illustrates a fed-batch cultivation with an exponentially increasing feeding rate 
(refer to Eq. 2.10) (µset = 0.2 1/h) of E. coli in a 1 L laboratory-scale stirred tank reactor. Here, 
the batch phase lasts until 10 h. Once the initial amount of 5 g/L glucose was consumed, the 
culture follows an exponential feeding pattern. The growth behavior during this glucose-
limited fed-batch phase agrees well with that observed in the microfluidic MTP (µset = 0.2 1/h) 
(Fig. 7-4B). The curves of scattered light, DOT and pH-values show the same course. Thus, it 
is possible to reproduce comparable substrate feeding profiles on both scales.  
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Figure 7-4 Fed-batch cultivations of E. coli K12 in minimal media initially supplemented with 
5 g/L glucose and 200 mM MOPS-buffer. The feed solution was composed of 500 g/L glucose 
and 70 g/L (NH4)2HPO4. All cultivations were carried out at a kLa-value of 460 1/h (A) linear 
feeding in microfluidic MTP with 2 mg/h (B) exponential feeding in microfluidic MTP with 
µset  = 0.2 1/h (C) exponential feeding in 1 L stirred tank reactor with µset = 0.2 1/h 
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Admittedly, the direct comparison of the fermentations also shows differences between the 
MTP and the stirred tank reactor. Whereas the fed-batch phase (until the culture reaches 
oxygen limitation) takes approx. 12 h in the MTP, in the stirred tank fermenter this phase lasts 
only 9 h. This is most probably attributed to a lower feeding rate in the MTP. Another 
observation that supports this theory is the higher average DOT right from the start of the fed-
batch in the MTP. Obviously, less substrate is dosed to the culture well and, thus, less oxygen 
is consumed, compared to the laboratory-scale fermenter.  
 
The observed differences in the feeding rate of the MTP and the laboratory-scale 
fermentations are likely caused by the insufficient stability of the precalibrated pump rate in 
the MTP. Whereas the substrate feeding in the laboratory-scale fermenter is feedback 
controlled by weighing of the feed solution, in the MTP a feedback control cannot be 
established and the pump rate has to be calibrated before the fed-batch experiment. Although 
the working principle has successfully been proven by establishing different feeding profiles 
which are comparable on both scales, the future challenge is to ensure an exact and time-
stable pump rate of the microfluidic substrate dosage. This challenge will be addressed by 
improving the microfluidic chip in terms of valve size and membrane material (see outlook in 
Chapter 8). 
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Chapter 8 Summary, Conclusions and 
Outlook 
8.1 Summary 
The objective of this thesis was to establish a microfermentation system, which utilizes 
microtiter plates (MTPs) as microbioreactors. This system should thereby combine optimized 
bioreactor design as well as microfluidic bioprocess control with the BioLector 
online-monitoring technology. 
 
The BioLector online-monitoring technology serves as the basis of the developed 
microfermentation system. In Chapter 3 (page 23) the further development of this technology 
is described. First, new measurement devices have been incorporated in the system. In order 
to monitor the pH-value and DOT in each culture well, a pH1-mini and Fibox 3 (both PreSens 
GmbH, Regensburg, Germany) have been used. To further improve the biomass measurement 
and allow for detection of specific fluorescence signals of the biologic sample, the 
fluorescence spectrometer Fluoromax 4P (HORIBA Jobin Yvon, München, Germany) has 
been integrated into the measurement system. Second, to allow one to control liquid dosing 
with the microfluidic devices, the BioLector system was enhanced by pneumatic actuator 
hardware. Therefore, external pneumatic valves (MHP1; Festo, Esslingen, Germany) as well 
as a digital USB I/O device (National Instruments, Austin, TX, USA), which addresses these 
external valves, have been integrated to form a complete microfermentation system. During 
integration of the pneumatic actuator hardware, special attention was given to the user-
friendliness of this technology. By establishing the pneumatic connections directly in the 
shaker tray, it is possible to simply clamp the microfluidic MTP on the shaker tray. 
 
The first main objective – to optimize the design of the microbioreactor – was addressed by 
introducing baffles into the individual wells of a MTP (refer to Chapter 4 on page 33) 
Thereby, the geometry of the baffles was optimized to provide sufficient oxygen supply to 
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aerobic cultivations and guarantee a meaningful online monitoring of microbial growth. By 
introducing baffles, the maximum oxygen transfer capacity (OTRmax) could be doubled to 
more than 100 mmol/L/h (kLa > 600 1/h) compared to conventional round 48-well MTPs. The 
liquid height at the well center, which is important for online monitoring systems such as the 
BioLector and the maximum possible filling volume of the baffled geometries were also 
investigated. A compromise was found between: (1) Strong baffling – required for a stable 
liquid height at the well center during orbital shaking; (2) Moderate baffling – required for 
high OTRmax at any filling volume and any shaking frequency; (3) Low baffling – required to 
apply high filling volumes and avoid spilling and splashing of culture liquid. By optimizing 
all three parameters, the 6-patled flower geometry with 5 mm edge diameter was found to be 
the optimum. The advantages of this well geometry could be proven for online-monitored 
cultivations of E.coli in TB-medium.  
 
On the basis of the measurements described in Chapter 4, Chapter 5 (page 45) illustrated a 
new concept to systematically describe the influence of baffles in shaken vessels. 
The perimeter of the cross-section area has been found to be a very good geometric parameter 
to correlate the geometry of the well of a baffled MTP with the measured liquid behavior and 
oxygen transfer characteristics. Since this parameter summarizes the important geometric 
properties of the baffles (number, size and shape), the perimeter of the well cross-section can 
serve as a criterion for the “degree of baffling”. Furthermore, in Chapter 5 the degree of 
baffling was characterized by identifying its maximal value for baffled shaken wells and its 
influence on both the mass transfer area and the mass transfer coefficient was investigated.  
 
In Chapter 4, the selection of a new design of a baffled MTP well has been described just by 
qualitatively ranking the observed liquid behavior and the measured OTRmax values. The 
detailed investigation in Chapter 5 by means of the “degree of baffling” concept, confirmed 
the selection of the 6-edged flower (Ø5) geometry with a relative perimeter of 1.12. Applying 
this concept, an optimal well design can be chosen according to the following criteria: First, 
to avoid out-of-phase phenomena, a geometry has to be selected with a relative perimeter of a 
maximum of 1.1. Second, to simultaneously guarantee an optimal measurement with the 
BioLector-System, for which a high filling height at the well center is necessary, a geometry 
with a relative perimeter above 1.1 has to be selected. Consequently, by taking both these 
factors into account, the best well geometry is that with a relative perimeter which is slightly 
greater than 1.1, just like the 6-edged flower (Ø5) geometry actually realized in a commercial 
product (Flowerplate; m2p-labs GmbH, Aachen, Germany). 
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The second main objective – to establish microfluidic bioprocess control in MTPs – was 
addressed by replacing the bottom of conventional MTPs with microfluidic chips. The 
experiments discussed in Chapter 6 demonstrate the possibility of pH- and substrate-
controlled fermentations in individual wells of a MTP at respective volumes below 1 mL. 
Thereby, handmade PDMS microfluidic chips were utilized. With this prototypes, process 
controlled fermentations of Escherichia coli K12 could be performed. Thus, the concept of 
integrating a microfluidic chip underneath the MTP body has successfully been proven.  
 
Cultivation conditions closer to a stirred tank reactor were applied in subsequent experiments 
to prove the scale-up potential of this technology. These experiments are described in 
Chapter 7 (page 67). First of all, more stable microfluidic devices were utilized here, which 
were made by injection molding in solid plastic material and directly glued to the MTP. This 
allows for higher shaking frequencies and, thus, higher oxygen transfer rates. Furthermore, 
the optimized MTP well geometry – the Flowerplate – was used and, thus, an additional 
enhancement of the oxygen transfer could be achieved. To increase the user-friendliness of 
the microfluidic system, an improved connection of the microfluidic bioreactor to the actuator 
hardware was utilized (refer to Section 3.3 on page 29). The suitability of the disposable 
microfluidic MTPs for pH-controlled and fed-batch fermentations has been proven. The 
pH-value in the culture broth could be kept in a narrow dead band around the setpoint, by 
pneumatically dosing ammonia solution and phosphoric acid to the culture wells. 
Furthermore, fed-batch cultivations with linear and exponential feeding of 500 g/L glucose 
solution were conducted. Finally, the scale-up potential of the microscale fermentations was 
evaluated by comparing the obtained results to that of fully controlled fermentations in a 
1 L laboratory-scale fermenter. The scale-up was realized by keeping the volumetric mass 
transfer coefficient kLa constant at a value of 460 1/h. Here, the same growth behavior of the 
E. coli cultures could be observed on both scales.  
 
 
 
 
Summary, Conclusions and Outlook 
80 
8.2 Conclusions and Outlook 
In small-scale experiments, medium and fermentation parameters have to mimic large-scale 
production processes. This will increase the possibility that the improvements found in 
screening and process development can also be attained in large-scale production 
(Parekh et al. 2000). Here, one of the most important parameters is the oxygen transfer. In 
conventional MTPs, OTRmax values reported so far do not generally exceed 50 mmol/L/h 
(Duetz 2007). Values of the oxygen transfer rate in stirred tank reactors can reach up to 500 
mmol/L/h, but a mean for  many standard batch fermentations is approx. 100 mmol/L/h (van 't 
Riet 1983; van't Riet 1979; Yawalkar et al. 2002). Hence, there is a substantial difference 
between the OTRmax in small-scale and industrial-scale. However, by considering the OTRmax 
values, attained in the baffled MTP, the gap narrows and both scales approximate each other 
at least in terms of oxygen transfer. The oxygen supply to the culture liquid, which used to be 
the most crucial process parameter for aerobic microbial cultivations, now has a less decisive 
impact on small-scale cultivations. The performance of meaningful experiments and the 
generation of more relevant data for scale up to stirred tank reactors are now possible. To 
summarize, the baffled Flowerplate represents an efficient tool for clone screening and 
bioprocess development.  
 
Besides the improvement in the OTRmax, the filling volume and the liquid coverage of the 
well bottom have been maximized using the new flower-shaped well design. Hence, more 
precise online-monitoring with the BioLector measurement technology is possible. Moreover, 
higher volumes of culture liquid can be applied that allows high sample volumes for offline 
analyses and reduces also negative influence of culture liquid evaporation. 
 
In further investigations on baffled MTPs, special attention should be given to shaking 
frequencies above 1000 rpm (at a shaking diameter of 3 mm) and shaking diameters greater 
then 3 mm. First tests at these conditions (data not shown) suggested: (1) that at shaking 
frequencies above 1000 rpm (at a shaking diameter of 3 mm) the OTRmax values of the round 
well geometry and the baffled well geometries approximate each other; (2) that the advantage 
of greater liquid heights and, thus, improved online monitoring in baffled well geometries 
remains also above 1000 rpm; (3) that the baffled well geometry allows for higher OTRmax 
values also at shaking diameters of 25 mm and 50 mm. However, higher frequencies and 
diameter of shaking reduce the maximum possible filling volume. Therefore, changes in the 
well geometry e.g. towards a cone which tapers from the bottom of the MTP – equivalent to 
an Erlenmeyer flask – could be advantageous to keep the rotating liquid inside the well.  
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Further investigations should also be performed on the mass transfer area in baffled shaken 
vessels. Here, measurements at different filling volumes, at higher shaking frequencies and at 
different shaking diameters have to be conducted, in order to verify the phenomena described 
in this work. Moreover, further investigations on this topic would be useful, to develop 
mathematical models for the complex impact of baffling on OTRmax, mass transfer area and 
mass transfer coefficient. More measurements at varying operation conditions and further 
(mechanistic) understanding of the complex effects should finally build the basis for CFD 
modeling (computational fluid dynamics) of the rotating liquid in baffled shaken vessels. 
 
The OTRmax and the filling height at the well center have been correlated to the relative 
perimeter of the well cross-section area. For the first time, this correlation allows a systematic 
description of the effect of baffling on hydrodynamics and oxygen transfer in baffled shaken 
vessels. It was shown that small perimeter changes, in turn, can lead to significant changes in 
the OTRmax value. However, it is known that already small changes in the OTRmax can cause 
significant changes in the metabolism of an organism. Consequently, very small changes in 
the baffling degree have an enormous impact on microbial cultivations and, thus, may be the 
reason for the missing reproducibility of cultivations in (up to now not standardized) baffled 
shaken vessels. Furthermore, the correlation between OTRmax and the relative perimeter of the 
well cross-section area allows one to define a maximum “degree of baffling” for shaking 
vessels. This maximum is reached at a relative cross-section perimeter of only 1.1, i.e. 
a perimeter which is in maximum 10 % greater than the perimeter of the round geometry with 
the same cross-section area. A higher degree of baffling – in particular at high shaking 
frequencies – leads to out-of-phase phenomena and to a decrease in the OTRmax.  Thus, 
microbial cultivations should not be conducted in shaken vessels with too pronounced baffles. 
With the new concept described here, this maximum can be quantified for the first time.  
  
The new concept showed its suitability for selecting an optimal baffle design in the wells of a 
48-well MTP. Ultimately, this perimeter criterion can guide researchers in their further 
investigations regarding baffled shaking vessels. Applications of this concept may be: The 
characterization of the energy input in baffled MTP wells or the systematic analysis of liquid 
behavior, mass transfer and energy input in geometrically different vessels such as MTP wells 
of other dimensions or shaken Erlenmeyer flasks. On the one hand, this concept can be useful 
for comparing different vessel and baffle designs. On the other hand, it describes a design 
space for baffle geometries, in which out-of-phase phenomena can be avoided.  
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A novel microfermentation system based on MTPs, has been presented in this thesis. This 
technique utilizes microfluidic chips coupled to MTPs to realize pH-controlled as well as fed-
batch fermentations in culture volumes of several hundred microliters.  
 
Unlike many state-of-the art microbioreactors, the new concept of the microfluidic process 
control in MTPs provides several further improvements: The strict physical separation of 
measurement hardware, actuator hardware and microbioreactor allows an easy and user-
friendly handling of the microbioreactor system. Furthermore, this separation and the absence 
of expensive equipment in the bioreactor setup allow one to apply disposable cultivation 
vessels. Additionally, the bioreactor design according to a conventional MTP makes this 
bioreactor concept easily accessible to liquid-handling and automation systems as described 
by Huber et al. (2009).  
 
While building on the BioLector online-monitoring technology, the developed system 
generates high information output in microscale fermentations. With continuous signals for 
biomass, pH-value and DOT, the amount of available data is even higher than in most large 
scale fermentations, where online biomass quantification is mostly missing. With the further 
possibility of fluorescence detection, it is also feasible to measure product formation 
(e.g. GFP; YFP) or the progression of fluorescent metabolites (e.g. NADH; riboflavin) 
(Kensy et al. 2009b; Samorski et al. 2005). 
 
Since this system shows high potential for process controlled microscale fermentations, a 
further development of a microfluidic chip which covers the whole MTP is planned. Once 
that is realized, all 8 rows (each with 2 reservoirs for 4 culture wells) of the 48-well MTP can 
be addressed. During these investigations, the remaining challenges should be solved by 
further improving the microvalve design and investigating thinner and more flexible 
membrane materials. Since the currently applied microvalves have a valve cavity volume of 
approx. 250 nL, a significant volume of liquid is unreproducibly displaced when the valve is 
pneumatically closed. Smaller microvalves should allow dosing less volume of liquid and 
thereby improving the liquid dosing. Furthermore, during the currently ongoing fine-tuning of 
the microfluidic chip, attention is drawn to the applied membrane material. Utilizing a more 
flexible membrane material should allow an improved reproduction of the membrane 
deflection to the pump chamber and the valve cavity and thereby guarantee a more 
reproducible and stably dosed volume in both the pumping as well as the pH-control. 
 
Chapter 8 
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The microfermentation system developed during this thesis combines four advantages: 
(1) improved microbioreactor design by applying the Flowerplate-MTP, (2) microfluidic 
process control in disposable MTPs, (3) user-friendly system for connecting the microfluidic 
MTP to the pneumatic actuator hardware, (4) advanced online-monitoring by the BioLector 
technology. Integrating the aforementioned properties into one system allows one to use 
microfluidic MTPs as disposable, ready-to-use cultivation vessels in a user-friendly, “plug-
and-cultivate” microfermentation system. 
 
In conclusion, this microfluidic BioLector allows user-friendly, cost-effective microscale 
fermentations that provide high information output and mimic large-scale bioprocesses. This 
is the mandatory basis for reliable process development and subsequent scale-up. 
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Appendix A: MTP prototypes with baffled well geometries 
 
 
 
MTP prototype 1 
 
increasing number 
of edges 
 
and 
 
star-shape 
geometries 
 
 
 
 
 
 
 
MTP prototype 2 
 
rounding of edges  
in square 
 
and 
 
baffled 
cylinders 
 
 
 
 
 
 
 
MTP prototype 3 
 
rounding of edges 
in pentagon 
 
and 
 
flower-shape 
geometries 
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Appendix B:   Algorithm / Description of the pH-Controller 
 
 
Description Algorithm 
definition of internal variables float dpH, Stellgroesse, Ventil, MaxOpen; 
calculation of the actual pH deviation  
(dpH= setpoint-actual value) 
dpH=Sollwert-Istwert; 
if the dpH is negative and greater as the deadband, i.e. the 
medium is too alkalic then conduct action (1) - (4): 
if(dpH<(0-TotBand) 
 (1) if the previous pH deviation dpH_alt is neagative, 
i.e. the medium was already too alkalic at previous 
measurements, then: 
{    if (dpH_alt<(0-TotBand))    
increase the maximum valve opening time for 
acid, because the previously applied opening 
time was obviously not sufficient 
     {MaxOpenSaeure=MaxOpenSaeure+ 
       (dpH/dpH_alt)*MaxOpenSaeure;} 
 (2) if the previous pH deviation dpH_alt is positive, i.e. 
medium was too acidic at previous measurements 
(currently too alkalic!), then: 
   if (dpH_alt>(0+TotBand)) 
decrease the maximum valve opening time for 
base, because the previous base dosing 
obviously caused an overshoot of the pH 
     {MaxOpenBase=MaxOpenBase+ 
       (dpH/dpH_alt)*MaxOpenBase;} 
(3) after recalculating, checking the borders for the 
maximum valve opening times: 
5 < maximum valve opening time > upper border  
    if (MaxOpenSaeure>-5){MaxOpenSaeure=-5;} 
    if (MaxOpenSaeure<-Grenze){MaxOpenSaeure=-Grenze;} 
    if (MaxOpenBase<5){MaxOpenBase=5;} 
    if (MaxOpenBase>Grenze) {MaxOpenBase=Grenze;} 
(4) apply the valve opening time for acid 
    MaxOpen=MaxOpenSaeure; 
}  
maximum valve opening times for acid and base are 
stored and loaded during the next measurement cycle 
 
if the dpH is positive and greater as the deadband, i.e. the 
medium is too acidic, then conduct action (1)-(4): 
if (dpH>(0+TotBand))  
(1) if the previous pH deviation dpH_alt is positive, i.e. 
the medium was already too acidic at previous 
measurements, then: 
{   if (dpH_alt>(0+TotBand)) 
increase the maximum valve opening time for 
base, because the previously applied opening 
time was obviously not sufficient 
    {MaxOpenBase=MaxOpenBase+ 
      (dpH/dpH_alt)*MaxOpenBase;}     
(2) if the previous pH deviation dpH_alt is negative, 
i.e. medium was too alkalic at previous measurements 
(currently too acidic!), then: 
  if (dpH_alt<(0-TotBand))         
decrease the maximum valve opening time for 
acid, because the previous base dosing 
obviously caused an overshoot of the pH 
    {MaxOpenSaeure=MaxOpenSaeure+ 
      (dpH/dpH_alt)*MaxOpenSaeure;}     
(3) after recalculating, checking the borders for the 
maximum valve opening times: 
5 < maximum valve opening time > upper border   
   if (MaxOpenBase<5) {MaxOpenBase=5;} 
   if (MaxOpenBase>Grenze) {MaxOpenBase=Grenze;} 
    if (MaxOpenSaeure>-5) {MaxOpenSaeure=-5;} 
    if (MaxOpenSaeure<-Grenze) {MaxOpenSaeure=-Grenze;}  
(4) apply the valve opening time for acid 
    MaxOpen=MaxOpenBase;  
} 
maximum valve opening times for acid and base are 
stored and loaded during the next measurement cycle 
 
calculation of the proportional controller fraction 
Stellgroesse=abs(dpH/PBand); 
if (Stellgroesse>1) {Stellgroesse=1;} 
calculation of the final valve opening time  Oeffnungsdauer=Stellgroesse*MaxOpen+Totzeit; 
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Appendix C: Maximum Oxygen Transfer Capacity 
Figure C-1 Maximum oxygen transfer capacity (OTRmax) and specific mass transfer coefficient (kLa) 
obtained from the sulfite system at increasing shaking frequencies and different filling 
volumes. Set of interrelated geometries with rounding of edges in square. All well geometries 
possess a cross-section area of 112 mm2. Measurements performed with a modified BioLector 
measurement system: shaking diameter 3 mm, temperature 25°C. Bars represent the standard 
deviation around mean of at least three independent experiments. 
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Figure C-2 Maximum oxygen transfer capacity (OTRmax) and specific mass transfer coefficient (kLa) 
obtained from the sulfite system at increasing shaking frequencies and different filling 
volumes. Set of interrelated geometries with rounding of edges in pentagon. All well 
geometries possess a cross-section area of 112 mm2. Measurements performed with a modified 
BioLector measurement system: shaking diameter 3 mm, temperature 25°C. Bars represent the 
standard deviation around mean of at least three independent experiments. 
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Figure C-3 Maximum oxygen transfer capacity (OTRmax) and specific mass transfer coefficient (kLa) 
obtained from the sulfite system at increasing shaking frequencies and different filling 
volumes. Random well geometries. All well geometries possess a cross-section area of 
112 mm2. Measurements performed with a modified BioLector measurement system: shaking 
diameter 3 mm, temperature 25°C. Bars represent the standard deviation around mean of at 
least three independent experiments. 
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